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EDITORIAL 


Trump lied about science 


hen President Donald Trump began talk- 
ing to the public about coronavirus disease 
2019 (COVID-19) in February and March, 
scientists were stunned at his seeming lack 
of understanding of the threat. We assumed 
that he either refused to listen to the White 
House briefings that must have been occur- 
ring or that he was being deliberately sheltered from 
information to create plausible deniability for federal in- 
action. Now, because famed Washington Post journalist 
Bob Woodward recorded him, we can hear Trump’s own 
voice saying that he understood precisely that severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
was deadly and spread through the air. As he was playing 
down the virus to the public, Trump was not confused or 
inadequately briefed: He flat-out lied, repeatedly, about 
science to the American people. These 
lies demoralized the scientific com- 
munity and cost countless lives in the 
United States. 

Over the years, this page has com- 
mented on the scientific foibles of 
US. presidents. Inadequate action on 
climate change and environmental 
degradation during both Republi- 
can and Democratic administrations 
have been criticized frequently. Edi- 
torials have bemoaned endorsements 
by presidents on teaching intelligent design, creation- 
ism, and other antiscience in public schools. These 
matters are still important. But now, a U.S. president 
has deliberately lied about science in a way that was 
imminently dangerous to human health and directly 
led to widespread deaths of Americans. 

This may be the most shameful moment in the his- 
tory of U.S. science policy. 

In an interview with Woodward on 7 February 2020, 
Trump said he knew that COVID-19 was more lethal 
than the flu and that it spread through the air. “This 
is deadly stuff,’ he said. But on 9 March, he tweeted 
that the “common flu” was worse than COVID-19, 
while economic advisor Larry Kudlow and presiden- 
tial counselor Kellyanne Conway assured the public 
that the virus was contained. On 19 March, Trump 
told Woodward that he did not want to level with 
the American people about the danger of the virus. “I 
wanted to always play it down,” he said, “I still like 
playing it down.” Playing it down meant lying about 
the fact that he knew the country was in grave danger. 

It also meant silencing health officials who tried to 


“These lies... 


cost countless 
lives...” 


tell the truth. On 25 February, Nancy Messonnier, di- 
rector of the National Center for Immunization and 
Respiratory Diseases (of the Centers for Disease Con- 
trol and Prevention), said, “It’s not so much a question 
of if this will happen anymore, but rather more a ques- 
tion of exactly when this will happen and how many 
people in this country will have severe illness.” She was 
right and Trump knew it. But he shut her down. He 
also tried to control messaging from Anthony Fauci, 
the nation’s foremost leader on infectious diseases. 
Trump’s supporters insisted that Fauci and Messon- 
nier were not being muzzled, but now we have clear 
evidence in emails that they were. 

Trump also knew that the virus could be deadly for 
young people. “It’s not just old, older,’ he told Woodward 
on 19 March. “Young people, too, plenty of young people.” 
Yet, he has insisted that schools and 
universities reopen and that college 
football should resume. He recently 
added to his advisory team Scott Atlas— 
a neuroradiologist with no expertise in 
epidemiology—who has advocated for 
a risky and misguided course: some- 
how isolating the older and more vul- 
nerable while allowing the virus free 
rein among young people. The opening 
of colleges and schools has accelerated 
the spread of the virus and will mean 
untold suffering among both students and the people 
to whom they are now spreading the virus. 

Monuments in Washington, D.C., have chiseled into 
them words spoken by real leaders during crises. “Con- 
fidence,” said Franklin Roosevelt, “thrives on honesty, 
on honor, on the sacredness of obligations, on faithful 
protection and on unselfish performance.” 

We can be thankful that science has embraced these 
words. Researchers are tirelessly developing vaccines 
and investigating the origins of the virus so that future 
pandemics may be prevented. Health care workers 
have braved exposure to treat COVID-19 patients and 
reduce the death rate; many of these frontline work- 
ers have become infected, and some have died in these 
acts of courage. These individuals embody Roosevelt’s 
call to faithful protection and unselfish performance. 

They have seen neither quality exhibited by their 
president and his coconspirators. Trump was not clue- 
less, and he was not ignoring the briefings. Listen to 
his own words. Trump lied, plain and simple. 


- H. Holden Thorp 


H. Holden Thorp 
Editor-in-Chief, 
Science Journals. 
hthorp@aaas.org: 
@hholdenthorp 
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POLLUTION 


Western U.S. wildfires spur health research 


cientists last week mounted efforts to study the long- 
term health consequences of wildfire smoke that has 
blanketed the U.S. West Coast and made air quality in 
some areas among the worst on Earth. The fires’ direct 
effects killed more than 30 people in three states, some 
trapped in burning homes; California has suffered its 
worst year of wildfires, with more than 1.2 million hectares 
burned. Previous research has documented risks from air 
pollution’s microscopic particulates, which can lodge deep in 
the lungs, seep into the bloodstream, and cause respiratory 


U.S. President Donald Trump, to journalist Bob Woodward in February about the virus that 
causes COVID-19. Publicly, Trump called the disease no worse than the seasonal flu. 


Smog and wildfire smoke 

in San Francisco have 
caused air-quality warnings 
daily for the past month. 


and cardiovascular disease. Now, a Stanford University group 
is mailing blood testing kits to people in the San Francisco 
Bay Area to look for markers of inflammation in their blood. 
Other researchers—at the California Air Resources Board and 
the University of California campuses in Davis, Los Angeles, 
and San Francisco—are studying the wildfire smoke to follow 
up on evidence, collected elsewhere in the United States and 
in other countries, suggesting air pollution increases trans- 
mission of COVID-19 and leads to worse health outcomes in 
people with the disease. 


Execs ousted over Aboriginal site 


ARCHAEOLOGY | Outrage over the destruc- 
tion of a 46,000-year-old archaeological 
site in Australia has led to the resigna- 
tions of three top executives of the mining 
giant Rio Tinto, the company announced 
last week, amid calls for better protection 
of Aboriginal cultural locations. In 2013, 
Western Australia’s state government 
granted Rio Tinto permission to disturb 
Juukan Gorge, which contained two rock 
shelters. One year later, researchers deter- 
mined that one of the caves had likely been 
continually occupied since the last ice age 
and was far richer in artifacts than previ- 
ously thought. These include wooden tools 
and an unusual braid of human hair woven 
from strands from several individuals. 

But current regulations do not allow for 
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reconsideration of permits, even in light of 
new information. In May, Rio Tinto blasted 
the site, destroying the caves. Aboriginal 
leaders warn that hundreds of similarly 
significant sites are facing destruction if 
existing approvals are not renegotiated. 


NOAA hire draws criticism 


PoLitics | The U.S. atmospheric research 
agency has hired a researcher who has 

a long history of rejecting established 
climate science for a senior position, NPR 
first reported last week. David Legates, a 
geography professor at the University of 
Delaware, Newark, will oversee obser- 
vation and prediction at the National 
Oceanic and Atmospheric Administration. 
Legates has promoted the work of fringe 
climate researchers and industry-funded 
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scientists and suggested burning fos- 
sil fuels would create a more habitable 
planet for humans. Some scientists fear 
the move signals that the Trump admin- 
istration will expand its challenges of 
mainstream climate science and censor 
the next National Climate Assessment; 
previous versions of the quadrennial 
report have documented that global 
warming is increasing wildfires, coastal 
flooding, and other effects. 


Poor nations need sepsis data 


BIOMEDICINE | The World Health 
Organization (WHO) is pressing for 
more action to combat sepsis, a life- 
threatening organ dysfunction that can 
follow an infection. Sepsis kills about 
11 million people per year worldwide, 


sciencemag.org SCIENCE 


PHOTO: PETER DASILVA/UPI/NEWSCOM 


PHOTO: NOAA OFFICE OF OCEAN EXPLORATION AND RESEARCH 


85% of them in low- or middle-income 
regions, especially sub-Saharan Africa 
and Southeast Asia. Survivors are often 
disabled or die within a year. WHO says 
too little is known about the prevalence 
of sepsis and who is at high risk. It adds 
that there’s a critical need for quick and 
cheap diagnostics to detect sepsis early 
so treatment is more likely to save lives. 
The organization is urging more research 
funding and especially surveillance across 
low- and middle-income countries, where 
far less is known about the condition than 
in wealthy countries. 


Dread pig virus hits Germany 


LIVESTOCK HEALTH | The virus that causes 
African swine fever, deadly to pigs and 
wild boar, was discovered last week in 
Germany, Europe’s largest pork producer. 
It was found in the carcass of a wild boar 
in Schenkendobern, 7 kilometers from the 
border with Poland, where the disease has 
been spreading since 2014. The decayed 
state of the carcass suggests the virus 
entered Germany weeks ago. Authorities 
put up a 12-kilometer fence to prevent 
spread and will search for other dead 
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boar; local pig farms are being inspected. 
German law requires biosecurity measures, 
such as disinfecting boots and tools, 

to protect farmed pigs. Belgium and the 
Czech Republic have successfully con- 
tained small outbreaks of African swine 
fever in boar. The virus also spreads 
through contaminated pork products. 
China, the largest market for German pork 
outside the European Union, immediately 
banned imports. 


Navajo Nation cuts COVID-19 cases 


INFECTIOUS DISEASES | In a welcome 

bit of news, the Navajo Nation last week 
reported a day with no new cases of 
COVID-19, the first since March and part 
of a steady decline in infections. In May, 
the Navajo, the largest U.S. tribe, reported 
more cases per capita than hard-hit New 
York state at the time. Navajo officials 
attribute the progress to control measures, 
including curfews, mandated mask wear- 
ing, contact tracing, and effective public 
health communications. Still, the Navajo 
Nation faces a continuing risk of severe 
cases because its people have high rates of 
diabetes and other preexisting conditions. 


First survey tallies deep-sea corals worldwide 


cean researchers this week released the first comprehensive survey of deep coral 

reefs in the high seas—the roughly two-thirds of the ocean outside of national 

jurisdictions. They hope the study will help persuade policymakers to give these 

vulnerable, poorly understood ecosystems greater protection in global agreements 

currently under negotiation. The team identified 116 reefs, most between 200 and 
1200 meters beneath the surface of the Atlantic and Pacific oceans, on seamounts, 
escarpments, and submarine ridges. A handful were found more than 2 kilometers deep, 
the researchers report in Frontiers in Marine Science. Only one-fifth are protected from 
bottom fishing. The Coral Reefs on the High Seas Coalition, a group of researchers and 
conservation groups, suspects many more deep-sea reefs exist and is raising money for 
expeditions to unexplored waters to look for them. 


A diverse, dense coral 
community was found at 
Debussy Seamount 

in the Pacific Ocean. 
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OLD-STYLE VACCINE The United 
Kingdom has become the first Western 
government to invest in an inactivated 
virus vaccine against COVID-19. It will 
front an initial $558 million for 

60 million doses of the vaccine, which 
its manufacturer, Valneva, hopes to start 
testing in people in December. Vaccines 
that use chemically killed viruses are 

a proven, 20th century technology that 
most major companies developing 
COVID-19 vaccines have shunned, 
preferring gene- and protein-based 
vaccines because of their perceived 
safety and manufacturing benefits. 


LIFE ON VENUS? Venus's clouds contain 
a surprise ingredient: an unstable gas, 
phosphine, that on Earth is commonly 
produced by some microbes, a research 
team reports in Nature Astronomy. 
Known nonliving chemical processes 
can't explain the phosphine levels on 
our nearest planetary neighbor, but 
as-yet-unknown chemical processes 
may be at work, scientists say. 


CDC CASTIGATED Political appointees in 
the Trump administration have sought 
to review and edit weekly scientific 
reports by the U.S. Centers for Disease 
Control and Prevention (CDC) before 
publication, Politico reported. Some 
appointees have complained that CDC's 
reports about COVID-19 were biased 
against President Donald Trump and 
undermined his predictions that it will end 
soon. CDC officials have defended the 
Morbidity and Mortality Weekly Report 
but compromised on some requests for 
wording changes, Politico said. 


CENSUS RULING A three-judge U.S. 
federal panel blocked an order by 
President Donald Trump excluding 
undocumented immigrants from the 
2020 census, saying he “exceeded 

his authority.” Census-derived state 
population counts are used to apportion 
seats in Congress. 


CRISPR FIGHT AU.S. patent appeals 
board has upheld the Broad Institute’s 
“priority” for its claim of first using the 
CRISPR genome editor in eukaryotic 
cells, an invention that could support 
lucrative applications in human 
medicine. But the ruling left room 

for a group led by the University 

of California to continue to pursue 
competing claims for related patents. 
A final priority hearing will be held. 
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Outbreaks of the pandemic coronavirus in correctional facilities have prompted moves to reduce populations. 


Pandemic inspires push to shrink jails, prisons 


New research focuses on the health and public safety impacts of “decarceration” 


By Kelly Servick 


ven before COVID-19 began to sweep 
through U.S. correctional facilities, 
Michael Daniels saw the storm com- 
ing. As the director of justice policy 
and programs for Franklin county in 
Ohio, Daniels knew the county’s two 
jails, with about 1950 inmates, wouldn’t 
allow for social distancing to control the 
coronavirus’ spread. So, back in March, he 
asked his team: How could they get as many 
people as possible out of there quickly? 

In New York City, Elizabeth Glazer, di- 
rector of the Mayor’s Office of Criminal 
Justice, was having similar conversations. 
The pandemic “distilled to its essence 
[how] we think about the use of jail,’ she 
says. “Was it worth putting somebody in 
jail if you thought that they were at risk of 
getting COVID?” 

As they feared, crowded jails and pris- 
ons have been deadly. By now 120,000 
COVID-19 cases and 1000 deaths have been 
documented among people incarcerated in 
U.S. prisons alone. As cases surged, public 
health experts amplified a long-standing, 
unfulfilled demand of criminal justice re- 
form advocates: Lock fewer people up. 
Because of the virus, such decarceration ef- 
forts suddenly made speedy progress. “Pol- 
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icy recommendations that we were unable 
to get traction on for 2 years—we were able 
to get them done in 3 weeks,” Daniels says. 
Nationwide, jail populations plunged 
by about 25% between March and June, 
according to an analysis by the nonprofit 
Vera Institute of Justice. New York City and 
Franklin county both managed reductions 
of 30% in their jails, which primarily hold 
people charged with crimes but not yet 
convicted. Populations of prisons, 


“We've created ... a society that has relied 
on incarceration as a solution to our social 
problems—and recently, that system was 
downgraded by like 30%,’ says Vincent 
Schiraldi, a justice policy researcher at the 
Columbia School of Social Work. “Shame 
on us if we don’t study that in a sophisti- 

cated way.” 
Prison and jail outbreaks heighten the 
inequality of COVID-19’s burden. People of 
color are incarcerated at higher 


which hold people serving sen- == ©€= rates than white people and tend 

tences after a conviction, budged Science's to get longer sentences, and peo- 

much less; an analysis by the COVID-19 ple who are incarcerated have 
reporting is 


Marshall Project and the Associ- 
ated Press found an 8% decrease 
nationwide during that period. 


supported by the 
Pulitzer Center 


higher rates of underlying health 
conditions that predispose them 
to severe COVID-19. Meanwhile, 


and the 
The result is a major experi- Heising-Simons the safety of people in prisons is 
ment in public health and crimi- Foundation. entangled with that of the sur- 


nal justice. Initial studies suggest 

decarceration has lowered infection rates 
in some jails. But overcrowding persists, 
and advocates urge further reductions. A 
committee convened by the U.S. National 
Academies of Sciences, Engineering, and 
Medicine (NASEM) is developing best 
practices for decarceration as a COVID-19 
response, slated for publication in Octo- 
ber. And scientists hope to study potential 
social consequences of population reduc- 
tions, including changes in crime rates. 
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rounding community. The virus 
can travel back and forth with employees 
(23,000 infections have been documented 
among prison staff) and with people held 
for short jail stays or transferred between 
facilities. A June study in Health Affairs 
estimated that 15.7% of COVID-19 cases 
documented in Illinois by mid-April were 
associated with people moving through 
Chicago’s Cook County Jail. 
“If we care about the community rates 
[of COVID-19], then we have to care about 
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prisons and jails,” says Emily Wang, a phy- 
sician at the Yale School of Medicine who 
heads its Health Justice Lab and co-chairs 
the NASEM committee on decarceration. 

Jurisdictions have taken various tacks 
to reduce populations. New York City did 
it primarily by releasing two groups from 
jails: people being held for parole viola- 
tions and those serving short sentences. 
The strategy in Franklin county included 
waiving some cash bail requirements, ex- 
panding the use of electronic monitor- 
ing to allow more people to await trial at 
home, and encouraging citations rather 
than arrests for certain misdemeanors. 

Nationwide, the population drop in jails 
reflected a drop-off in arrests—likely because 
fewer crimes were committed during lock- 
downs and law enforcement officers aimed 
to avoid unnecessary physical contact, says 
Michael Jacobson, a sociologist at the City 
University of New York who has analyzed 
data on crime and policing in 50 cities. 

To reduce prison populations, some 
states, including California, Oklahoma, 
Illinois, and Colorado, have halted the 
transfer of people who would normally 
move from jail to prison after sentenc- 
ing. Governors have also commuted 
the sentences of inmates who were 
deemed medically vulnerable or were 
nearing the end of their sentences. 
And some states are trying to ramp 
up mental health care, addiction 
treatment, and other services that ul- 
timately divert people from prisons. 
“The most successful [approach] is 
simply to not put people in to be- 
gin with,” Annette Chambers-Smith, 
director of the Ohio Department of Reha- 
bilitation and Correction, told attendees 
in a 20 August NASEM webcast. “Turn the 
tap off.” 

As populations dropped, some research- 
ers tried to track the effects on disease 
spread. Wang and her colleagues estimated 
the reproduction number of the virus—how 
many people are infected by each newly 
infected person—over 83 days at a large 
urban jail, which they did not identify 
publicly. As the jail reduced its popula- 
tion by 25% and moved about two-thirds 
of residents into private cells, that number 
dropped from 8.25 to 1.72, they reported 
in a June preprint on medRxiv. (It later 
dipped below one, indicating the outbreak 
was in check, after the jail set up wide- 
spread testing of asymptomatic people.) 

In another study, published 21 August in 
JAMA, Harvard University epidemiologist 
Monik Jiménez and colleagues found that 
among 13 county jails in Massachusetts, 
those with greater reductions in popula- 
tion from early April to early July also 


Number of individuals 
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had lower rates of COVID-19 infections. 
Jiménez notes, however, that limited and 
inconsistent testing data make it hard to 
sort out exactly how much decarceration 
helped prevent infections. 

Lauren Brinkley-Rubinstein, a com- 
munity psychologist at the University of 
North Carolina, Chapel Hill, aims to better 
predict such health effects. Through the 
COVID Prison Project, her team pulls daily 
case counts from state prison reports. She 
collaborated with researchers at Stanford 
University and the University of Miami to 
group 103 Texas prisons based on rates of 
COVID-19 cases and deaths. Prisons clas- 
sified as “low outbreak” were at 85% ca- 
pacity, the team reported in a preprint last 
week on medRxiv, proposing that number 
as a “benchmark” for reducing infections. 

With Wang’s team and researchers at 
Stanford, Brinkley-Rubinstein hopes to 
combine case numbers with publicly avail- 
able data about the layout of different fa- 


Getting out of jail 
In asample of about 650 U.S. jails, populations fell steeply as the 
pandemic took off in the spring, then slowly rose again. 


and head of the Covid-19 Behind Bars Data 
Project, which tracks efforts to improve 
conditions and reduce populations in jails 
and prisons. 

There's no evidence so far that pandemic- 
inspired releases have raised crime rates. 
A July analysis of 29 U.S. locations by the 
American Civil Liberties Union found 
no relationship between reductions in 
jail populations and crime trends be- 
tween March and May. Both Glazer’s and 
Daniels’s teams have thus far found very 
few reoffenses among the people released 
early from the New York City and Franklin 
county jails. Criminologist Daniel Nagin 
and statistician Amelia Haviland at Carn- 
egie Mellon University plan to document 
the impact of the pandemic on jail popula- 
tions and explore how population changes 
in U.S. jails relate to crime rates. 

A potential downside of the pandem- 
ics speedy decarceration, says Matthew 
Akiyama, a clinician and public health re- 
searcher at the Albert Einstein College 
of Medicine, is that “discharge plan- 
ning wasn’t as rigorous as it might have 
been.” People released from prison al- 
ready struggle to access medical care, 
addiction treatment, and other sup- 
ports for re-entry into society, he notes, 
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cilities and how inmates are housed. That 
might help them forecast how changes in 
a given facility’s population will influence 
its risk of COVID-19, she says. “I can say all 
day long, ‘Reduce your population, [but] 
a department of corrections might come 
back to me and say, ‘OK, but how many? 
Who should I target? How many should I 
release?’ That precision is very important.” 

Other researchers aim to document the 
effects of the speedy decarceration on pub- 
lic safety. Decades of criminology research 
suggest many inmates can be released with 
minimal risk of recidivism, Jacobson says. 
But the fear of releasing even one person 
who might commit a crime helps explain 
why researchers have had little opportu- 
nity to study the effects of rapid, large- 
scale decarceration before the pandemic. 
Even now, political calculations explain 
why jails—most of whose inmates have 
not been convicted—shrank more than 
prison populations during the pandemic, 
says Sharon Dolovich, a law professor at 


the University of California, Los Angeles, 
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ing in the wind, to a certain extent.” 

But the threat of COVID-19 has 
also inspired new forms of support. 
On 27 August, California Governor 
Gavin Newsom announced a joint 
effort with philanthropic groups to 
provide $30 million to organizations 
that offer transportation, quarantine 
housing, health care, and other services to 
people released from prison. California and 
New York City have set up hotel stays for 
people leaving jail, allowing them to quar- 
antine and avoid crowded homeless shel- 
ters. Such initial stability may help them 
thrive long term, Glazer says. 

But many jail systems, including Glazer’s 
in New York City and Daniels’s in Franklin 
county, have seen upticks in their popula- 
tions since the rapid plunges earlier in the 
pandemic—likely at least in part because 
rates of arrest rebounded. 

Local officials are trying to hang on to 
the recent progress, Daniels says. Franklin 
county’s municipal court has made the is- 
suance of citations standard for some of- 
fenses and downgraded failure to appear in 
court from a jailable offense. Now that he’s 
confident the county can quickly shrink its 
jails without risking public safety, there’s 
no reason they shouldn’t stay that way, he 
says. “Not if I can help it.” 


With reporting by Eli Cahan. 


18 SEPTEMBER 2020 * VOL 369 ISSUE 6510 1413 


NEWS | IN DEPTH 


COVID-19 


Viral heart damage under scrutiny 


Researchers are hunting for myocarditis in COVID-19 survivors 


By Jennifer Couzin-Frankel 


his fall, cardiologist Sam Mohiddin 

will embrace a new role—that of 

research subject. MRI scans of his 

heart at St. Bartholomew’s Hospital 

in London, where he works, will help 

answer a pressing question: Do peo- 
ple who suffered a mild or moderate bout 
of COVID-19 months ago, as he did, need to 
worry about their heart health? 

Fears that COVID-19 can cause the car- 
diac inflammation called myocarditis have 
grown, as doctors report seeing previously 
healthy people whose COVID-19 experi- 
ence is trailed by myocarditis-induced 
heart failure. Mohiddin recently treated 
42-year-old Abul Kashem, who had typical 
COVID-19 symptoms in April, including 
loss of smell and mild shortness of breath. 
A month later, he fell critically ill from se- 
vere myocarditis. “I’m just grateful to be 
alive,” says Kashem, who spent more than 
2 weeks in an intensive care unit. Why did 
this happen? he wonders. 

How the virus might damage heart 
muscle is just one question researchers 
are now probing. Other studies are follow- 
ing people during and after acute illness 
to learn how common heart inflammation 
is after COVID-19, how long it lingers, and 


whether it responds to specific treatments. 
Researchers also want to know whether 
patients fare similarly to those with myo- 
carditis from other causes, which can in- 
clude chemotherapy and other viruses. In 
more than half of virus-induced cases, the 
inflammation resolves without incident. 
But some cases lead to arrhythmia and 
impaired heart function, or, rarely, the 
need for a heart transplant. Because mil- 
lions are now contracting the corona- 
virus, even a small proportion who suffer 
severe myocarditis would 
amount to a lot of people. 
“Are we going to have an in- 
crease of patients with heart 
failure secondary to this?” 
asks Peter Liu, a cardio- 
logist and chief scientific of- 
ficer of the University of Ot- 
tawa Heart Institute. 
Whether SARS-CoV-2, the 
virus that causes COVID-19, 
induces cardiac injury including myocar- 
ditis more often, or with greater severity, 
than other viruses is still unclear. Because 
SARS-CoV-2 can trigger an intense immune 
response throughout the body, survivors 
may be at heightened risk of cardiac in- 
flammation. Another idea suggests COVID- 
19 patients might be prone to the condition 


Peter Liu, 


In Genoa, Italy, a recovered COVID-19 patient undergoes a test of heart function. 
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“Are we going 
to have an increase 
of patients 
with heart failure?” 


Ottawa Heart Institute 


because the virus enters cells by binding 
with the angiotensin-converting enzyme 2 
(ACE2) receptor, which sits on heart mus- 
cle cells. But researchers caution against 
outrunning the data. “It’s a good hypoth- 
esis, but it’s not a tested one,” says Leslie 
Cooper, a cardiologist at the Mayo Clinic in 
Jacksonville, Florida, about ACE2. 

One reason it’s hard to say whether 
COVID-19 poses a special risk of myocar- 
ditis is uncertainty about its prevalence 
after other infections. Echocardiogram 
studies after some influenza 
outbreaks suggest up to 10% 
of flu patients have transient 
heart abnormalities, Liu 
says. But such studies are 
scarce. “We don’t scan pa- 
tients after they had the flu,” 
says Valentina Piintmann, 
a cardiologist at University 
Hospital Frankfurt. 

Pintmann fueled  con- 
cerns about myocarditis when she did just 
that with COVID-19 patients. Her team used 
MRI to scan the hearts of 100 COVID-19 pa- 
tients an average of 71 days after they had 
tested positive. The scans showed cardiac 
abnormalities in 78 people, with 60 appear- 
ing to have active inflammation. Most also 
described lingering symptoms, such as fa- 
tigue and mild shortness of breath, leading 
Piintmann to wonder whether heart inflam- 
mation might be responsible. 

Although the work by Piintmann and 
her colleagues, published in July in JAMA 
Cardiology, prompted alarming headlines, 
many researchers say it needs to be rep- 
licated. Cardiologists urge anyone with 
symptoms like shortness of breath or chest 
discomfort after COVID-19 to see a doctor, 
but they worry about a flood of healthy re- 
covered people clamoring for heart assess- 
ments. “Here’s the good news: We’re going 
to find out” how likely cardiac injury is, 
says Matthew Martinez, director of sports 
cardiology at Morristown Medical Center. 

Because of the physical demands of 
sports, team doctors need to be on guard for 
myocarditis. A paper in JAMA Cardiology 
last week reported a study of 26 athletes 
at Ohio State University after COVID-19; 
four had developed myocarditis. Profes- 
sional sports leagues are also scanning the 
hearts of athletes who were infected with 
SARS-CoV-2. Those with myocarditis, re- 


University of 
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gardless of whether they have symptoms, 
are benched, in part out of fear that myo- 
carditis could lead to sudden death during 
intense activity. Martinez, who’s helping 
coordinate the research for the National 
Basketball Association and Major League 
Soccer, predicts a flow of data on athletes 
over the coming months. “Those of us in 
this space are willing to ruin a Saturday or 
a Sunday to get this done.” 

He stresses, though, that even if research- 
ers can clarify the average duration of myo- 
carditis and its risks for a young athlete, 
those may be very different for a 50-year- 
old with obesity or high blood pressure, 
especially if they were sick enough with 
COVID-19 to be hospitalized. “In those in- 
dividuals, I am going to be more cautious” 
and screen for heart injury, he says. 

Others are pursuing clues to how 
COVID-19 can damage the heart, which 
might point to ways to head off the dam- 
age. “SARS-CoV-2 does challenge your 
immune system in unconventional ways,” 
Liu says. Autopsies of heart tissue after 
COVID-19 have revealed inflammation 
in the heart’s blood vessels instead of its 
muscle cells, the site of the inflammation 
caused by other infections. Another au- 
topsy study found scattered death of heart 
cells, but the authors noted the mechanism 
of injury was unknown. “There’s been a lot 
of discussion whether this is myocarditis” 
as typically defined, Liu says. Regardless, 
he and others hope for clinical trials to 
test whether preventive strategies, such as 
taking beta blocker drugs, might head off 
heart failure in someone flagged as high 
risk after COVID-19. 

While Mohiddin volunteers for a study 
of survivors, he’s also running one: a trial 
that aims to recruit 140 people while they 
are hospitalized with COVID-19 or soon 
after, 20 with severe myocarditis and the 
rest without. He and colleagues will look 
for abnormal T cell levels in the blood of 
people with myocarditis, which could help 
explain whether and how the immune sys- 
tem is causing cardiac injury. He is also 
exploring whether immune cell patterns in 
the blood presage myocarditis later. 

Even if COVID-19 rarely causes serious 
myocarditis, one hypothesis is that mild 
cases could heighten the risk of heart 
disease years later. Scar tissue can form 
as myocarditis heals, and earlier work 
has shown residual cardiac inflammation 
portends worse heart health. As cardio- 
logists, “We’re in the business of identify- 
ing asymptomatic risk factors,’ such as 
hypertension, Mohiddin says. “It’s not dif- 
ficult to imagine that in the future, clinical 
practitioners will ask a new patient, ‘Did 
you have COVID?’” & 
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Alan Minson says his Parkinson's symptoms improved after he started to use a “light helmet” in July 2019. 


Trials begin for anew weapon 
against Parkinson’s: light 


Patients report benefits, but how near-infrared protects 
brain cells is unclear, and some scientists are skeptical 


By Gunjan Sinha 


ight therapy can help lift moods, 

heal wounds, and boost the immune 

system. Can it improve symptoms of 

Parkinson’s disease, too? A first-of-its- 

kind trial scheduled to launch this fall 

in France aims to find out. In seven 
patients, a fiber optic cable implanted 
in their brain will deliver pulses of near- 
infrared (NIR) light directly to the sub- 
stantia nigra, a region deep in the brain 
that degenerates in Parkinson’s disease. 
The team, led by neurosurgeon Alim- 
Louis Benabid of the Clinatec Institute—a 
partnership between several government- 
funded research institutes and industry— 
hopes the light will protect cells there 
from dying. 

The study is one of several set to explore 
how Parkinson’s patients might benefit 
from light. “I am so excited,” says neuro- 
psychologist Dawn Bowers of the Univer- 
sity of Florida College of Medicine, who is 
recruiting patients for a trial in which NIR 
will be beamed into the skull instead of de- 
livered with an implant. 
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Small tests in people with Parkinson’s and 
animal models of the disease have already 
suggested benefits, but some mainstream 
Parkinson’s researchers are skeptical. No 
one has shown exactly how light might pro- 
tect the key neurons—or why it should have 
any effect at all on cells buried deep in the 
brain that never see the light of day. Much 
or all of the encouraging hints seen so far 
in people may be the result of the placebo 
effect, skeptics say. Because there are no 
biomarkers that correlate well with changes 
in Parkinson’s symptoms, “we are reliant 
on observing behavior,’ says neurobiologist 
David Sulzer of Columbia University Irving 
Medical Center, an editor of the journal npj 
Parkinson’s Disease. “It’s not easy to guard 
against placebo effects.” 

But proponents point to a Parkinson’s 
therapy named deep brain stimulation 
(DBS), in which electricity of a specific fre- 
quency is applied to affected brain regions. 
Invented by Benabid more than 30 years 
ago, DBS has become a standard approach 
for treating tremors and other severe mo- 
tor symptoms in Parkinson’s patients even 
though its mode of action isn’t entirely clear 
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either. The well-documented healing effect 
of low-level laser therapy on other tissues is 
also encouraging, says Michael Hamblin, a 
researcher at the Wellman Center for Photo- 
medicine at Massachusetts General Hospital. 
In some countries, doctors routinely use la- 
sers to treat pain or speed up wound healing. 

Ten years ago, John Mitrofanis, a neuro- 
anatomist at the University of Sydney, was 
inspired to try light in Parkinson’s after a 
colleague told him that light in the NIR 
range protected retinal cells against toxins. 
In a 2012 study, he and colleagues showed 
in a mouse model of Parkinson’s that NIR 
light shined into mice’s heads protected 
dopamine-producing cells in the substan- 
tia nigra from a neurotoxin. 

Excited, Mitrofanis called Benabid, with 
whom he once spent a year studying DBS. 
Benabid, “being the surgeon, 
said, ‘We have to develop a light 
device that gets close to the area, 
Mitrofanis recalls. The research- 
ers reasoned that light shining 
from outside the skull would not 
penetrate deep enough to make a 
difference in larger animals. 

In 2017, together with re- 
search fellow Cécile Moro, they 
injected 20 macaques with a 
neurotoxin known to cause Par- 
kinson’s symptoms. In nine of 
them, they also delivered NIR 
to the midbrain area through an implanted 
device. Mitrofanis recalls how the first NIR- 
treated monkey behaved after a 3-week re- 
covery period: “He was moving around like 
there was nothing wrong. We looked at each 
other and just hugged. ... It was euphoric.” 
Overall, NIR-treated monkeys developed 
fewer symptoms than the untreated group 
and retained 20% to 60% more of the brain 
cells targeted by the neurotoxin. 

Mitrofanis also struck up a collaboration 
with Catherine Hamilton, a retired occu- 
pational physician in Tasmania who had 
treated her own arthritic knee by wrapping 
it with light-emitting diodes (LEDs). In a 
study of six Parkinson’s patients published 
last year, Hamilton, Mitrofanis, and others 
reported that wearing a helmet lined with 
LEDs improved facial expression, auditory 
processing, engagement in conversation, 
sleep quality, and motivation, though it did 
not have much effect on motor symptoms. 
“If I miss a day session, there is a gradual 
change in me,” says Alan Minson, a Parkin- 
son’s patient living in Longford, Australia, 
who started to use a helmet in July 2019. 
“Bad dreams come back, my tolerance level 
goes way down, and my lethargy goes way 
up.” Ann Liebert of the University of Sydney 
is planning a study in 120 patients using a 
more sophisticated helmet. In a similar ef- 
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fort, Bowers will randomize 24 patients to 
externally applied NIR or sham light and 
watch for behavioral and motor benefits. 

Bowers will also look for signs that, as 
some have proposed, light boosts brain 
cells’ energy-producing mitochondria. Test 
tube experiments have shown that light can 
trigger the enzyme cytochrome C oxidase, 
which is present on mitochondrial mem- 
branes, to rev up cellular energy produc- 
tion, which in turn might increase blood 
flow and stimulate cells to churn out several 
neuroprotective proteins and growth fac- 
tors. “But I’m not convinced a transcranial 
device can penetrate deeply enough to show 
substantial improvements,’ Bowers says. 
She’s more hopeful about Benabid’s trial. 

That study will follow 14 early-stage Par- 
kinson’s patients for 4 years, seven of whom 
will be treated periodically 
with pulses of 670-nanometer 
light delivered to the brain via 
a thin laser diode cable. The 
other seven patients will not be 
operated on; an ethical review 
board ruled against subject- 
ing them to surgery without a 
chance of benefit. The main ob- 
jective is to prove the implant 
is safe, Benabid says, but the 
researchers will also evaluate 
disease progression. “It has to 
make a big difference,” he says. 
“There is no reason [to do] extensive sur- 
gery for mild improvement.” 

The researchers plan to use common im- 
aging methods to quantify the number of 
dopamine-producing cells in patients. But 
a protective effect may be hard to detect. 
“The major problem with all neuroprotec- 
tion trials in Parkinson’s disease is that 
the diagnosis appears to occur after more 
than 50% of dopamine-producing cells are 
gone,” Sulzer says. Unless the improvement 
is huge, “the signal might be too small 
to detect.” 

The team will also look for clinical ben- 
efits. But because researchers grade Par- 
kinson’s symptoms by observing patients 
performing specific tasks, assessments 
are largely subjective, and symptoms vary 
over time; everyone has good days and 
bad days, Sulzer says. Because the control 
group will not undergo surgery, it will be 
especially hard to rule out placebo effects. 

Yet Sulzer is giving studies like Benabid’s 
the benefit of the doubt. The absence of a 
clear mechanism isn’t a reason to dismiss 
the therapy, he says. “There are many things 
we don’t understand,” Sulzer says. “I am 
skeptical and also think it is an intriguing 
area of pursuit.” 


Gunjan Sinha is a science journalist in Berlin. 
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Ancient DNA 
tracks Vikings 
across Europe 


Massive sequencing effort 
shows people of diverse 
genetic backgrounds 
adopted Viking culture 


By Andrew Curry 


t was a Viking saga written in genes. In 
2008, construction work on an isolated 
Estonian beach near the town of Salme 
uncovered the skeletons of more than 
40 powerfully built men. They were bur- 
ied around 750 C.E. in two ships with Vi- 
king-style weapons and treasure—apparently 
the aftermath of a raid gone wrong. DNA 
from the bones has now added a poignant 
detail: Four of the men, buried shoulder to 
shoulder holding their swords, were brothers. 

The new data come from a massive effort 
to sequence the DNA of Vikings across Eu- 
rope. The results, published today in Nature, 
trace how the Vikings radiated across Europe 
from their Scandinavian homeland, and how 
people with roots elsewhere also took up 
Viking ways. “The big story is in line with 
what’s told by archaeologists and historians,” 
says Erika Hagelberg, an ancient DNA expert 
at the University of Oslo who was not part 
of the research team. “It’s the small details of 
particular sites that are really compelling.” 
The Estonian site, for example, offers pow- 
erful evidence that the crew was a tight-knit 
group from the same village or town. “Four 
brothers buried together is new and unique 
... [and] adds a new dimension,” says Cat 
Jarman, an archaeologist working for the 
Museum of Cultural History in Oslo, who was 
not part of the research team. 

Over the course of almost 10 years, a team 
led by geneticist Eske Willerslev of the Uni- 
versity of Cambridge and the University of 
Copenhagen assembled samples from across 
Scandinavia dating to the Viking Age, from 
about 750 C.E. to 1050 C.E., as well as some 
earlier and later samples. The team also 
gathered human remains from burials else- 
where in Europe and beyond that had Viking 
grave goods or burial styles. “We approached 
every place where we could see there should 
exist somehow an association with Vikings,” 
Willerslev says. Ultimately, the team was able 
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to sequence 442 Viking Age genomes from as 
far afield as Italy, Ukraine, and the doomed 
Viking settlements of Greenland. 

The results tell dramatic stories of indi- 
vidual mobility, such as a pair of cousins bur- 
ied in Oxford, U.K., and Denmark, separated 
in death by hundreds of kilometers of open 
ocean. The genetic details may also rewrite 
popular perceptions of Vikings, including 
their looks: Viking Age Scandinavians were 
more likely to have black hair than people 
living there today. And comparing DNA and 
archaeology at individual sites suggests that 
for some in the Viking bands, “Viking” was a 
job description, not a matter of heredity. 

Viking-style graves excavated on the United 
Kingdom’s Orkney islands con- 
tained individuals with no 
Scandinavian DNA, whereas 
some people buried in Scan- 
dinavia had Irish and Scottish 
parents. And several individu- 
als in Norway were buried as 
Vikings, but their genes identi- 
fied them as Saami, an Indig- 
enous group genetically closer 
to East Asians and Siberians 
than to Europeans. “These 
identities aren’t genetic or 
ethnic, they’re social,” Jarman 
says. “To have backup for that 
from DNA is powerful.” 

The results also. settle 
a centuries-old argument 
about the geography of raid- 


ing. Sagas written down Homeland 
centuries after the first expe-  @ Settlement, raids, 
and trading 


ditions suggest Vikings from 
certain regions favored spe- 
cific destinations, but other 
scholars suggested the Viking 
command of the waves made 
them equal-opportunity raid- 
ers and traders. 
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Viking presence 


DNA in hand, researchers for the first time 
could conclusively trace the origins of people 
from the far edges of the Viking diaspora 
back to their roots in Scandinavia. “We can 
follow the patterns of contact suggested by 
written sources, but disputed by historians 
for decades,” says co-author Seren Sindbek, 
an archaeologist at Aarhus University. 

They found that Vikings from what is 
now Sweden moved east to the Baltics, Po- 
land, and the rivers of Russia and Ukraine, 
whereas Danes were more likely to head west 
to what is today England. Norwegians were 
most likely to set sail for the North Atlantic 
Ocean, colonizing Ireland, Iceland, and even- 
tually Greenland (see map, below). “This is 


Age of exploration 
Viking ships sailed forth from Scandinavia, traversing the waterways of Europe and 
reaching across the Atlantic Ocean. Vikings from different homelands preferred certain 
destinations; for example, men from Norway settled Greenland, DNA data now show. 
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detail one couldn’t do based just on archaeo- 
logy,” Willerslev says. 

To the team’s surprise, there was little 
evidence of genetic mixture within Scandi- 
navia itself. Although a few coastal settle- 
ments and island trading hubs were hot 
spots of genetic diversity, Scandinavian 
populations farther inland stayed geneti- 
cally stable—and separate—for centuries. 
“We can separate a Norwegian person from 
a Swedish person from a Danish person,” 
Sindbeek says. 

The DNA has raised new questions, too. 
Study co-author and National Museum of 
Denmark archaeologist Jette Arneborg says 
DNA recovered from burials in Greenland 
shows a mix of Scandinavian 
men from what is now Nor- 
way and women from the 
British Isles. Yet the artifacts 
and burials look completely 
Scandinavian. The women 
“have British genes but we 
can’t see them in the archaeo- 
logy,’ she says. “The DNA is 
going to make us think more 
about what’s happening here.” 

Other mysteries remain. 
Viking settlements in the 
Americas have not yielded 
bones for sequencing, leaving 
the identity of the first Euro- 
pean settlers in the Americas 
a mystery. And to the east, 
more samples may help illu- 
minate the role of Vikings in 
the origins of the early Rus- 
sian state, a topic that remains 
“extremely politically charged,’ 
Sindbeek says. “This data has 
the potential to resolve some 
of these debates.” & 


Andrew Curry is a journalist in Berlin. 


18 SEPTEMBER 2020 * VOL 369 ISSUE 6510 1417 


NEWS | IN DEPTH 


CONSERVATION BIOLOGY 


Global efforts to protect biodiversity fall short 


New report finds glimmers of progress, but nations are not achieving targets 


By Erik Stokstad 


major report card on the state of 
biodiversity gives failing grades to 

the world’s nations. The United Na- 
tions’s Global Biodiversity Outlook 5, 
released this week, concludes that the 

world has not met ambitious targets 

set 10 years ago to protect nature. “We are 
losing biodiversity and that has very real 
consequences to people’s health, prosper- 
ity, and well-being,” says Jane Lubchenco, a 
marine ecologist at Oregon State University, 
Corvallis, who was not involved in the report. 
There is still time to halt—and even 
reverse—the loss of biodiversity, the report 


concludes. But that will require rapid and 
substantial changes in agriculture, indus- 
try, and other activities. “More than any- 
thing, it’s telling us we have quite a lot more 
to do. Not more of the same, but more of 
the tougher transformational shifts,’ says 
Lina Barrera, head of international policy 
at Conservation International, an envi- 
ronmental organization. One such change 
would be including the value of biodiver- 
sity in economic decisions, such as infra- 
structure investment or farm subsidies. 

In 2010, the 196 nations that belong to 
the U.N. Convention on Biological Diver- 
sity (CBD) agreed to 20 goals for preserv- 
ing flora and fauna, known as the Aichi 


A lost decade 


In 2010, the Convention on Biological Diversity set 20 global targets for safeguarding nature. None has been 
achieved; a few trends are headed in the right direction (left), but many are discouraging (right). 
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Habitat loss increased 
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biodiversity targets. Every few years, CBD 
has evaluated progress, based on national 
reports and other sources. This latest Out- 
look also reflected trends revealed by a 
major scientific review by several hundred 
researchers (Science, 10 May 2019, p. 517). 

The new assessment finds some bright 
spots. Fisheries are becoming more sus- 
tainable in nations with good manage- 
ment schemes. Invasive species are being 
eradicated on ever more islands. Perhaps 
most encouraging, the extent of protected 
areas has risen substantially to 15% of land 
and 7% of the ocean (see graphs, left). But 
those figures are still short of the targets of 
17% and 10%, respectively, and Lubchenco 
notes that only 2.5% of the ocean has been 
highly protected so far. Overall, nations re- 
ported they were on track to meet an aver- 
age of 34% of their own targets, although 
many were not as ambitious as the global 
Aichi targets. They reported progress, for 
example, on raising awareness about con- 
servation, building research capacity, and 
creating strategies for protecting species. 

It’s not enough, the report says. Only six 
targets have been even partially reached 
and some indicators are headed the wrong 
way. For example, while global pesticide use 
has been relatively flat, many nations have 
increased their use of chemicals that harm 
pollinators. In general, progress is being 
swamped by growing consumption of energy 
and materials, and the destruction of habitat 
by new farms, roads, and dams. As a conse- 
quence, biodiversity continues to be lost, the 
report finds. “Things are not going to change 
much until we deal with the root issues, and 
this is much more difficult,’ says ecologist 
Sandra Diaz of Argentina’s National Scien- 
tific and Technical Research Council and the 
National University of Cordoba. 

Observers hope the report’s sobering 
conclusions will motivate countries to 
press for more progress and higher goals 
when they meet in May 2021 to set new 
CBD targets for 2030. Draft targets already 
released are “roughly moving in the right 
direction,” Barrera says. One proposal, 
for example, calls for protecting a total of 
30% of land and marine habitat. “That is 
ambitious, but it is absolutely necessary,” 
Lubchenco says. Achieving the next round 
of targets will be “very high stakes for ev- 
erybody,” Diaz says, “not just ecologists and 
conservationists.” 
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Fearing stigma, an 
HIV-positive girl in Kenya 
who lost her mother 

to AIDS recounted her 
story anonymously 

to health care workers. 
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THE BURDEN OF 


STIGM 


Past epidemics reveal how social stigma 
amplifies the dangers of infectious disease 
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By Vaishnavi Chandrashekhar, in Mumbai, India 


ne day at the end of April, dentist 
Azmera Shaikh tested positive for 
the novel coronavirus. That after- 
noon, feeling feverish and achy, 
she and her mother, who had 
also tested positive, descended 
from their apartment here to 
board an ambulance to the hos- 
pital. They were startled to find 
a dozen or so neighbors lined up with 
mobile phones in hand. Pictures and vid- 
eos of their departure soon circulated on 
WhatsApp and Facebook. “We were enter- 
tainment,” Shaikh says. “We were the joke 
of the town.” 
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A volunteer with the nonprofit Doctors 
for You, Shaikh had seen the fear and dis- 
trust brought by the pandemic while work- 
ing in the slums of eastern Mumbai. Some 
areas had not allowed her team to set up 
screening camps for fear that residents 
would be assumed infected with SARS- 
CoV-2, the virus that causes COVID-19. But 
she didn’t expect her educated, middle- 
class neighbors to behave similarly. 

Soon, her entire family was in quaran- 
tine. The rules made it difficult for her fa- 


Science's COVID-19 reporting is supported by the 
Pulitzer Center and the Heising-Simons Foundation. 
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ther and brother to put out garbage and 
get groceries. Yet neighbors did not help. 
Their attitude, Shaikh says, was “more 
traumatizing than the illness itself.” 

As the coronavirus spread early this year, 
people around the world responded in sim- 
ilar ways. In Nepal, health care workers 
were thrown out of rental apartments. In 
Haiti, hospitals treating COVID-19 patients 
were attacked. In the United States, many 
people avoided East Asian-dominated 
neighborhoods, linking the virus with peo- 
ple from China, where the outbreak began. 

Some doctors in Chennai, India, avoided 
getting tested because of the trouble they 
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Even today, some people with leprosy live sequestered, like this patient looking out of her living quarters in a leprosy colony in New Delhi. 


might face with neighbors if they turned 
out to have the virus, notes medical 
anthropologist Mitchell Weiss, a professor 
emeritus at the Swiss Tropical and Public 
Health Institute. As doctors, they should 
know better because testing is critical to re- 
ducing outbreaks, he says. “This is the toxic- 
ity of stigma.” 

Yet those responses would have been fa- 
miliar to our ancestors. From ancient times, 
humans have feared disease and shunned 
those thought to have it. But today, when 
we have a larger arsenal of tools to fight dis- 
ease, including testing, contact tracing, and 
treatment, those old responses can under- 
mine public health efforts. Stigma not only 
encourages people to hide illness and avoid 
treatment, but also intensifies patient stress 
and reinforces socioeconomic inequality. 

The history of epidemics, including those 
of leprosy, cholera, and HIV, shows how 
costly stigma can be—both to individual 
patients and to societies as a whole. Such 
costs don’t usually show up in conventional 
epidemiological studies, Weiss says, but are 
part of what the World Health Organization 
(WHO) calls “the hidden burden” of disease. 


RELICS OF PAST DISEASES pepper the Indian 
port city of Mumbai. A 160-year-old temple 
to Sitladevi, the goddess of smallpox, is 
still open to worshipers. Nineteenth cen- 
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tury crosses to ward off bubonic plague are 
sprinkled around Catholic neighborhoods. 
And a sprawling 130-year-old leprosy home 
still stands in what was once the outskirts of 
colonial Bombay. 

The word “stigma” originally referred to a 
mark on the body. Later it came to denote 
a metaphorical mark of disgrace. Socio- 
logists define stigma as the social devaluing 
of people who possess a trait seen as nega- 
tive or deviant, such as a physical or mental 
disability or even an ethnicity. Almost every 
sense of the term comes together in leprosy. 

The association is ancient: The biblical 
book of Leviticus depicts leprosy as a mani- 
festation of spiritual sin, calling people with 
the condition “unclean” and directing them 
to live “outside the camp.” (Biblical leprosy 
likely referred to other skin conditions, but 
the diseases were conflated.) In India, where 
the disease is thought to have originated, an- 
cient Hindu texts proscribed marriage into 
families that had a member with leprosy. In 
Europe, people with the disease were cast 
out of town or sent to leprosariums. 

“In infectious disease, stigma is rooted 
in an exaggerated fear of contamination,” 
Weiss says. Some psychologists suggest 
stigma may have developed under evo- 
lutionary pressure to protect the social 
group from infected members. (A similar 
hypothesis proposes that the emotion of 


Published by AAAS 


disgust evolved to prevent humans from 
ingesting pathogens.) Avoiding people 
with infectious diseases probably did help 
ancient societies mitigate epidemics, Weiss 
notes. “In situations of plague or other 
highly contagious diseases, these fears may 
not be unreasonable. But how you act on 
those concerns may become unreasonable 
or unwarranted.” 

History suggests stigma often sweeps be- 
yond realistic concerns about contagion. In 
the mid to late 1800s, people in the United 
Kingdom panicked over leprosy, seeing the 
disease in racist terms, notes medical his- 
torian Shubhada Pandya, who is associ- 
ated with the Acworth Leprosy Museum in 
Mumbai. An 1862 article in The BMJ said 
the countries of Asia were “infested” with 
leprosy “in proportion to the physical and 
moral degradation of their people.” An 1898 
colonial law empowered officials in India to 
round up and isolate homeless patients in 
institutions that were often segregated by 
sex to prevent procreation. 

In 1873, Norwegian scientist Gerhard 
Armauer Hansen isolated the bacterium 
that causes leprosy. During the mid to late 
20th century, researchers developed treat- 
ments and the disease became less com- 
mon. Still, people with leprosy continued 
to be shunned. Patients themselves inter- 
nalized the stigma: Just last year, research- 
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The actions of leaders and celebrities such as the Dalai Lama, shown here touching a man with leprosy in New Delhi, can reduce the stigma of disease. 


ers who interviewed residents of a leprosy 
colony in Ghana reported that even people 
who were cured preferred to stay in the col- 
ony because they were ashamed of their dis- 
ease and expected to be ostracized at home. 

Health-related stigma can sometimes have 
a “compounding effect” on other kinds of 
prejudice, exacerbating inequality, says Wim 
van Brakel, medical director of NLR, 
an international nongovernmental 
organization to fight leprosy in 
Amsterdam. For example, accord- 
ing to a 1996 ethnographic study in 
Thailand, many older people associ- 


their perceptions of social stigma and boost 
their participation in society. 

Yet uprooting old views remains a chal- 
lenge. Even in 2018, a survey of people in 
Cameroon indicated that one-quarter of 
233 respondents believed leprosy was caused 
by a spell. Most knew the disease was cur- 
able, but more than one-quarter said they 


Quantifying fear 
In some countries, most people said they wouldn't buy vegetables from 
a seller who had HIV. But people in other nations were less fearful. 


would not marry someone who had had it. In 
India, laws making the disease grounds for 
divorce were removed only last year. 

Even the disease’s name has come to 
mean outcast: We describe those we shun 
as “lepers.” Scientists tried to change the 
name to Hansen’s disease, but the old name 
stuck. Ashim Chowla, former head of the 
nonprofit Lepra India, says people 
today still flinch when he tells them 
he has been treated for leprosy. “The 
identity never really goes away.” 

Chowla, now CEO of the India 
HIV/AIDS Alliance, admits to some 


schadenfreude seeing people in his 


middle-class neighborhood turn 
on each other today because of 


ated leprosy with begging, probably 100% 
because in the past, ostracism and 
disability threw patients with the 380 
disease into poverty and eventu- 
ally begging. A similarly outdated 7] 
view has shaped perceptions in In- 60 + 
dia. “The image people have is that = 
if I get leprosy, I become like that 
maimed beggar at the traffic light,” 40 - 
van Brakel says. 4 
The bright spot is that helping 20 — 


people with one aspect of their plight 
may alleviate others. In a random- 
ized controlled study of leprosy pa- 0 
tients in Indonesia from 2011 to 2014, 
van Brakel found that improving 
their socioeconomic situation with 
loans and training helped reduce 
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COVID-19. Indian elites “who never 


thought they would get the diseases 


of the poor,’ he says, are getting a 
taste of “the ostracism that leprosy 


patients have faced for thousands 
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of years.” 


LEPROSY HAS LONG EPITOMIZED the 
stigma associated with disease. But 
in the 1980s, a virus emerged that 
quickly became the new “gold stan- 
dard of stigma,” Weiss says: HIV. 
At first, AIDS, the disease caused 
by HIV, was seen as a health threat 
largely for gay men, injecting drug 


Kenya 
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users, and sex workers. The initial response 
was marked by moral panic, similar to old 
views of leprosy. Some religious groups saw 
the illness as a curse or punishment. People 
with the disease faced discrimination and 
government neglect in most countries, says 
Laura Nyblade, an expert on HIV discrimi- 
nation with RTI International. 

Social scientists like Weiss had used survey 
and interview methods to measure stigma 
and discrimination in mental illness and lep- 
rosy, creating “stigma scales” to quantify it. 
With the advance of HIV, researchers began 
to develop similar scales for that virus. In 
2008, the Joint United Nations Programme 
on HIV/AIDS (UNAIDS) launched the People 
Living with HIV Stigma Index as a tool to 
generate evidence for advocacy. By Novem- 
ber 2017, more than 100,000 people living 
with HIV had been interviewed in more than 
50 languages by trained interviewers who 
themselves had HIV. Interviewers asked, 
for example, whether someone had been in- 
sulted for being HIV-positive or been denied 
access to health care. 

Studies showed stigmatization bur- 
dened people with HIV psychologically, as 
Shaikh and her family experienced with 
the coronavirus. Stigma also caused people 
to hide their disease, lessened adherence to 
treatment, and worsened health outcomes. 
People with HIV who perceived high levels 
of social stigma were 2.4 times as likely to 
delay entering care until very ill, according 
to a meta-analysis of 10 studies published 
in 2017. One in five people living with HIV 
avoided going to medical facilities because 
they feared discrimination, according to 
data collected from 2011 to 2016 in 19 coun- 
tries. And University of Washington re- 
searchers found in 2019 that Black women 
living with HIV who scored high on stigma 
measures also reported more days of missed 
treatments and higher viral loads. 

All those findings suggest stigmatization 
can spur the spread of disease. In some set- 
tings, stigma could be responsible for 35% 
to 51% of infant infections with HIV because 
it reduced mothers’ adherence to treatment, 
according to a 2017 modeling study by 
Nyblade and colleagues. 

People already living at the margins suf- 
fer even more. In one study in Russia, 30% 
of female sex workers said they had been 
refused medical care because of their work, 
which puts them at risk of contracting HIV. 
In a study in Argentina, 40.7% of transgender 
women, who have higher rates of HIV, said 
they avoided clinics because of their trans- 
gender identity. According to a 2015 survey 
in New York City, African migrants with 
undocumented status chose not to disclose 
HIV status to families and communities, 
fearing they might lose needed social sup- 


1422 18 SEPTEMBER 2020 + VOL 369 ISSUE 6510 


port. Like other marginalized groups, they 
“stayed hidden and disengaged with health 
care,” the study said. 

As with leprosy, social attitudes were 
intensified by legal discriminations that 
never fully went away. Some aspects of HIV 
transmission, such as not disclosing that 
one is infected, are still criminalized in 
72 countries, including the United States, 
according to UNAIDS. Thirty countries ban 
people’s entry or residence on the basis of 
HIV status. 

“A critical lesson from HIV is that address- 
ing stigma from the outset of a pandemic 
can be critical to an effective response,” 
Nyblade says. “If people fear stigma, they 


A 1909 illustration reflects the vilification of Irish 
cook Mary Mallon, who unwittingly spread typhoid. 


will be reluctant to get tested, disclose they 
have symptoms, and seek care.” More than 
30 years after the disease emerged, she says, 
“stigma continues to be a major barrier to 
ending the HIV pandemic.” 


STIGMATIZATION OFTEN DEEPENS existing 
fault lines based on class, caste, race, or 
any “outsider” status. Those dynamics can 
be self-perpetuating: Marginalized groups 
who live in crowded conditions with less ac- 
cess to health care are often hit harder by 
disease—and then are blamed for it. 
Migrants are especially vulnerable to 
vilification. Mary Mallon, an Irish immi- 
grant cook in early 1900s New York City, 
was dubbed “Typhoid Mary” for being an 
asymptomatic carrier of the typhoid bacte- 
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ria. After infecting several wealthy house- 
holds, where some members died, she was 
forced into quarantine in a hospital on an is- 
land near the city, where, she complained in 
a letter to her lawyer, she was “a peep show” 
for visitors. In late 2010, Dominicans blamed 
migrant workers for a cholera outbreak that 
began when Nepali peacekeepers inadver- 
tently introduced it to neighboring Haiti. 
Researchers from Emory University found 
that Dominicans connected the outbreak to 
character flaws or unhygienic habits among 
immigrant Haitians, who faced structural 
problems including lack of access to safe 
water and sanitation. One year into the epi- 
demic, the government may have worsened 
the situation by making it more difficult for 
immigrants to get the legal status needed for 
health insurance. 

COVID-19, too, may become associated 
with specific groups, says medical anthro- 
pologist Alexandra Brewis-Slade of Arizona 
State University, Tempe. “It is politically ex- 
pedient and useful to be able to blame and 
distract,’ giving politicians an excuse for 
public policy failures, she says. Stigmatiza- 
tion “discourages investment [in combat- 
ting disease] because it devalues the people 
who would benefit most,’ she says. “Stigma 
is often beneficial to those in power.” 

Nyblade agrees that “COVID-19 may 
provide an excuse to further stigmatize al- 
ready stigmatized groups.” In India, where 
a Hindu nationalist party is in power, many 
people targeted an international Muslim 
conference held in the country in March 
with the social media hashtag #Corona- 
Jihad. The Bombay High Court recently 
dismissed police charges filed against at- 
tendees for spreading the disease. 

Indeed, many incidents in the cur- 
rent pandemic echo familiar patterns of 
animosity, especially in areas where the 
coronavirus has newly entered. Apart- 
ment dwellers on the outskirts of Mumbai, 
where COVID-19 cases have been growing, 
recently tried to throw out resident nurses 
because of fear that the nurses would 
bring the virus home. In the Indian state 
of Karnataka, 35 migrant workers who 
had returned to their village from Mum- 
bai in June were quarantined. When seven 
tested positive, the group vanished over- 
night. “They feared reprisals,’ says Edward 
Premdas Pinto, a public health activist at 
the Centre for Health and Social Justice 
who works in the region. 

In one rural village, Pinto says, an el- 
derly man returned from the hospital to 
find that his family had fled the house, 
fearing his return. He hanged himself. And 
in the United States, an advocacy group 
has recorded about 2600 hate-related in- 
cidents against Asian Americans between 
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Awoman gets a free COVID-19 test from a health care worker who reaches from inside a mobile testing bus in Hyderabad, India. Some health care workers and people with 


COVID-19 in India face ostracism and animosity. 


March and August, including spitting, ra- 
cial slurs, and even assault. Many abusers 
specifically referred to the coronavirus. 


MONTHS AFTER her traumatic experience 
with her Mumbai neighbors, Shaikh be- 
lieves attitudes have improved as people 
have become more familiar with COVID-19. 
For those working to curb stigma, past pan- 
demics can offer some lessons. 

In leprosy and HIV, good information 
about mode of transmission and available 
treatments helped improve attitudes. HIV 
also showed that “sunlight itself can be a 
cure” for stigma, Weiss says. “Bringing at- 
tention to the existence of stigma enables 
people to [look for] areas where they can 
make their system function more effectively.” 
A strong health system is critical, too, say In- 
dian public health activists, because it builds 
trust in medical authorities. 

As seen with leprosy, language matters, 
which is why WHO in 2015 recommended 
against using countries, regions, animals, 
or people when naming viruses. Language 
remains a flash point with the coronavirus, 
with U.S. President Donald Trump regularly 
referring to “the China virus.” In March, some 
public health experts tried—and failed—to 
convert the prescription for “social distanc- 
ing” into “physical distancing” because of the 
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potential connotations of the original phrase 
in societies riven by class, caste, and ethnic- 
ity. (In psychology, the social distance scale is 
a measure of racial or ethnic prejudice.) 

Brewis-Slade cites New Zealand as a 
model for its “clear leadership, communi- 
cated with empathy and compassion.” The 
country has seen its share of prejudice dur- 
ing the pandemic; East Asians and histori- 
cally oppressed Pacific Islanders have faced 
racist comments. But the government has 
quickly condemned such incidents while 
explicitly encouraging testing. 

“People who we know have tested posi- 
tive to COVID-19 are to be commended; 
they have done their bit” to protect others, 
Ashley Bloomfield, New Zealand’s director 
of health services, said in a press conference 
last month. There is “no shame or blame” in 
being infected with a virus, he said. 

Pinto also stresses the importance of 
balanced media coverage. Indian TV news 
channels have stoked fear with a singular 
focus on the rising number of infections, 
he says. “Talking about recovery rate and 
success stories would help.” U.S. basketball 
player Magic Johnson’s 1991 disclosure of 
his HIV-positive status, for example, helped 
change public perceptions of the disease. 

Hearing from other people in the com- 
munity can be even more effective than 
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listening to experts or celebrities, Nyblade 
says. In RTI-led research in Ghana and 
Tanzania, she and colleagues set up train- 
ing workshops and other activities in five 
of 10 selected clinics and then compared 
attitudes among the health care workers 
toward people with HIV. Learning from 
trained peers rather than experts had more 
impact. “Seeing and hearing people who 
are ‘just like you’ tell their stories can help 
dispel myths and misconceptions and break 
down the ‘othering’ process,” Nyblade says. 

That kind of contact may be even more 
important during an outbreak, when isola- 
tion and quarantine are necessary but may 
compound suspicion. In Mumbai, Shaikh 
found that community outreach—going door 
to door with local volunteers and spending 
time with families—helped change attitudes 
in the slum where she works. Initially, no one 
would admit to having symptoms or report 
their contacts. Now, they’re coming forward 
to be tested and are more amenable to en- 
tering a care facility. A similar approach 
has helped authorities flatten the curve in 
Dharavi, one of the city’s largest slums. 

The challenge, Shaikh says, is to help 
people understand that “we have to fight 
COVID-19 and not COVID-19 patients.” & 


Vaishnavi Chandrashekhar is a journalist in Mumbai. 
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An unexpected audience 


Experiments with magic effects might be informative about cognition in animals 


By Elias Garcia-Pelegrin, Alexandra K. 
Schnell, Clive Wilkins, Nicola S. Clayton 


n the past decade, the study of magic ef- 

fects has started to gain attention from 

the scientific community, particularly 

psychologists. This interest stems from 

what magic effects might reveal about 

the blind spots in our perception and 
roadblocks in our thinking. The study of 
magic effects may offer researchers oppor- 
tunities for new lines of inquiry about per- 
ception and attention. Moreover, because 
magic effects capitalize on our ability to 
remember what happened and our ability 
to anticipate what will happen next, using 
magical frameworks elicits ways to inves- 
tigate complex cognitive abilities such as 
mental time travel (i.e., remembering the 
past and anticipating the future). Moving 
beyond the intersection between magic and 
the human mind, the application of magic 
effects to investigate the animal mind can 
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prompt the comparison of behavioral re- 
actions among diverse species, in which 
magic effects might exploit similar percep- 
tive blind spots and cognitive roadblocks. 

The internet is filled with videos of ma- 
gicians performing magic effects to animals 
(mostly captive primates and domesticated 
pets), in which the attentive animal spec- 
tators appear to react with awe and exulta- 
tion when objects or food magically vanish. 
Without further investigation, it cannot be 
assumed that the animal audiences in the 
videos are amazed and surprised by the 
magic effect, akin to a human spectator. 
However, these encounters prompt investi- 
gation about the extent to which animals are 
susceptible to the same techniques of decep- 
tion commonly used by magicians. 

Over the past several decades, compara- 
tive psychologists, perhaps unintentionally, 
have been using magic effects as a method- 
ological tool to explore a diverse range of 
cognitive abilities in animals. For instance, 
when investigating how dogs and great apes 
mentally represent different kinds of objects, 
experimenters have used devices inspired by 
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Corvid birds, like this Florida 

scrub jay (Aphelocoma coerulescens), 
exhibit behaviors reminiscent of 
techniques used in magical effects. 


props commonly used in magic effects, such 
as boxes with false bottoms (7). Researchers 
have also investigated causal cognition in 
New Caledonian crows using invisible string, 
a see-through thread frequently used for 
levitation effects, to determine how crows 
respond to objects moving “without” hu- 
man interaction (2). Moreover, violation of 
expectation paradigms, in which a subject 
is presented with a series of expected and 
unexpected outcomes, has been extensively 
used in comparative cognition (the investi- 
gation of cognitive mechanisms in diverse 
species and their origins). Such a premise is 
directly comparable to magic effects, given 
that the result of both magic and violation 
of expectation paradigms aim to elicit the 
same reaction from the observer, namely be- 
ing surprised by witnessing the unexpected. 
Although animal subjects do not typically 
verbalize their surprise at unexpected events, 
surprise can be measured by using looking 
time. For example, if the subject finds an 
event surprising, they spend significantly 
longer looking at the event compared with 
an event that is deemed ordinary. 
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Although magical effects have permeated 
the field of comparative cognition, the sci- 
entific community has yet to study whether 
animals can be deceived by the same magic 
methodologies that would deceive a human 
observer. This is an interesting query be- 
cause the use of magic effects to deceive an- 
imals could only be feasible if both human 
and animal spectators shared some analo- 
gous cognitive processes that capitalize on 
perceptive blind spots and cognitive road- 
blocks. Investigating the psychology behind 
magic effects in humans offers comparative 
psychologists an accessible pathway to for- 
mulate initial hypotheses to test in animal 
audiences. For example, the vanishing ball— 
an effect in which the magician seemingly 
vanishes a ball in thin air—could be used 
to investigate whether past experiences and 
current expectations alter the animal’s per- 
ception. In humans, the illusion’s success 
appears to be reliant on the spectator’s ex- 
pectation of the ball’s movement and the so- 
cial cues elicited by the magician (3). Using a 
similar design with animals could be insight- 
ful, regarding both the animal’s expectations 
(i.e., throwing a ball toward the ceiling will 
make the ball go upward) and whether hu- 
man body language offers an animal audi- 
ence social cues when priming such illusions. 

A popular magic technique is misdirection, 
the manipulation of the spectator by the ma- 
gician to prevent the discovery of the cause 
of a magic effect. Controlling the audience's 
attention is an important skill for magicians, 
otherwise spectators might discover the me- 
chanics behind the effect. Some species have 
been observed using behavioral tactics that 
can be considered analogous to misdirection. 
For example, chimpanzees sometimes divert 
their gaze from a desired object to detract a 
competitor’s attention from it (4). Jays (i.e., 
corvids) will protect their food caches from 
possible pilferers by moving them several 
times or discretely hiding the food while per- 
forming several bluff caching events, thereby 
making it difficult for the observer to trace 
the genuine cache location (5). 

The use of analogous methodologies by 
a diverse range of animal taxa to deceive 
conspecifics suggests that some misdirec- 
tion techniques could exploit similar blind 
spots in attention. It also prompts the ques- 
tion of whether misdirection techniques 
used by magicians can also effectively fool 
animal minds. However, when doing so, 
experimenters must engage the attentional 
mechanisms of their spectators, because 
misdirection techniques are contingent on 
this. This might be challenging with ani- 
mal subjects who might not pay sufficient 
attention to humans. Engaging the undi- 
vided attention of our closest relative, the 
chimpanzee, is one of the major challenges 


SCIENCE sciencemag.org 


Hand gestures influence choice 
A priming experiment to observe whether a magpie’s 
choice can be influenced by human hand gestures 

is shown. Magpies are first trained to discriminate 
between three differently shaped objects and 
exchange any shaped object for a food reward. 
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Condition 1: Random priming 
Arandom priming hand gesture is followed by asking 
the subject for any object. 
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Condition 2: Priming 
A heart-shaped hand gesture is made before asking for 
an object. 


Control condition: No priming 
The experimenter does not make any hand gesture 
before asking for an object. 


of implementing experimental designs on 
apes (6). Offering them long periods of in- 
tensive training, during which the ape must 
pay close attention to human movement, 
might ameliorate the challenge. By contrast, 
corvids possess sophisticated attentional 
mechanisms and are a suitable candidate 
for this line of research because they follow 
human gaze around particular objects and 
monitor human attentional states (7, 8). 

In addition to misdirection, magicians 
often rely on our cognitive abilities to cre- 
ate a magical illusion. One such ability is 
object permanence—the ability to represent 
objects in the mind’s eye when the object is 
out of sight. This ability appears to be adap- 
tive for diverse taxa. For example, object 
permanence is harnessed by corvids during 
caching to successfully cache and recover 
because individuals must understand and 
remember that hidden items continue to 
exist even when they are out of sight (9). 
The ability to form a mental representa- 
tion of an object when it is out of sight and 
to maintain it in memory is also vital for 
conjuring magic effects, because most ef- 
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fects tend to involve the appearance and 
disappearance of objects. Thus, object per- 
manence paradigms grant a suitable start- 
ing point for comparative psychologists to 
investigate the analogous mechanisms of 
both human and animal observers of magic. 

Interesting insights into object perma- 
nence have been made when adopting magic 
as a framework of study. When using a fake 
transfer technique (i.e., where the magician 
pretends to place an object in one hand while 
keeping it in the initial hand instead), homan 
observers appear to retain the erroneous 
belief that a coin is placed inside the hand 
only for a limited period of time. Elongated 
reveal times seem to decrease the strength of 
this belief significantly (70), suggesting that 
inducing a false belief of object permanence 
might be contingent on not allowing enough 
time for the spectator to replay the events in 
their mind. Given the current research on 
object permanence in diverse taxa, translat- 
ing the fake transfer technique to a suitable 
animal and paradigm (e.g., corvid caching) 
might elucidate the degree of commonality 
with object permanence abilities in humans 
and highlight whether perception of object 
permanence and memory of the hidden loca- 
tion in animal minds can be manipulated in 
analogous ways. 

Although the science of magic has 
mainly focused on the exploitation of sim- 
pler mechanisms such as attention and per- 
ception, magic effects also use techniques 
that affect complex cognitive abilities such 
as memory and mental time travel. For ex- 
ample, magicians often alter the spectator’s 
recollection of an event and induce fake 
memories through suggestions. When re- 
searchers suggested to human subjects that 
a “magic” key, which had been previously 
bent, would continue to bend once the 
effect finished, the spectators were more 
likely to report that they had observed the 
bending process during and after the magic 
effect (17). Other effects such as the “one 
ahead principle” exploit the spectator’s in- 
ability to effectively deconstruct memories 
to make them think that the magician can 
read their mind. This is done by the magi- 
cian forcing the outcome of one of the pre- 
dictions while altering the order of events 
that the spectator is experiencing. Given 
the reconstructive nature of human mem- 
ory, the spectator will recall the sequences 
in the order they occurred, instead of dis- 
secting it into the events that were key for 
the experience (12). Such effects could only 
be investigated with species that possess 
mental time travel abilities, given that, ev- 
idently, one cannot exploit the faults of a 
nonexistent mechanism. Current research 
suggests that corvids exhibit sophisticated 
mental time travel abilities (13, 14) and 
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therefore are ideal subjects for experiments 
with such magic effects. 

The application of similar techniques 
adapted to an animal audience might re- 
veal whether animals that possess complex 
memory abilities also encounter comparable 
constraints. The imperative use of language 
in this kind of research is a strong barrier 
if one is to transpose it to an animal audi- 
ence. However, recent research on humans 
raises the possibility that simple choices can 
be influenced by using hand gestures (15), 
thus offering a more relevant way to test for 
analogous roadblocks in animal memories. 
Magical frameworks ought to be the subject 
of in-depth methodological inspection and 
theorization. A good starting point might 
be the use of hand gestures depicting sim- 
ple primes to observe if humans can influ- 
ence choice in corvids. For example, subjects 
could be trained to discriminate between 
three differently shaped objects and asked, 
by the experimenter, to retrieve any object in 
exchange for a reward. Experimental condi- 
tions could include whether making heart- 
shape gestures, when asking, primes the sub- 
ject to retrieve the heart object instead of the 
circular or rectangular object (see the figure). 

The psychology of magic offers the scien- 
tific community a powerful methodological 
tool for testing the perceptive blind spots 
and cognitive roadblocks in diverse taxa. 
Studying whether animals can be deceived 
by the same magic effects that deceive hu- 
mans can offer a window into the cognitive 
parallels and variances in attention, percep- 
tion, and mental time travel, especially those 
species thought to possess the necessary pre- 
requisites to be deceived by magic effects. 
Magical frameworks offer alternative and in- 
novative avenues for hypothesis testing and 
experimental design, and it is hoped that fu- 
ture researchers will incorporate them into 
their investigations of the animal mind. 
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The gut microbiota in 


kidney disease 


Dietary changes induce posttranslational modifications 
of microbial proteins to alter metabolite production 


By Jennifer L. Pluznick 


hronic kidney disease affects 9% 
of the global population (J) and 
can have severe impacts on both 
the individual and societal levels. 
Although various conditions, such as 
diabetes, are well known risk factors 
for chronic kidney disease, in recent years 
interest has been growing regarding a po- 
tential role for the gut microbiota in mod- 
ulating outcomes in kidney disease (2). 
Simultaneously, in the microbiology field, 
there has been a growing appreciation for 
the intersection of diet and the gut micro- 
biota as a driver of changes in host health 
(3). To date, a common model has been that 
diet acts to alter the relative abundances 
(or diversity) of gut microbes, which can 
then lead to changes in gut microbial me- 
tabolite production (4). However, on page 
1518 of this issue, Lobel et al. (5) report 
that diet can posttranslationally modify 
the gut microbial proteome, which can 
alter microbial metabolite production to 
drive changes in renal function. 
The primary function of the kidney is to 
maintain homeostasis against the many in- 


sults and challenges from the external and 
internal environment. Functions including 
acid-base balance, water balance, blood 
pressure regulation, and glucose homeo- 
stasis require exquisite coordination and 
regulation by the kidney. Thus, it is not 
surprising that when kidney function fal- 
ters, chronic kidney disease is associated 
with symptoms that are emblematic of the 
wide influence of renal function on health, 
including uremia (the retention of waste 
products in the blood that would normally 
be excreted in the urine), as well as edema, 
acidosis, anemia, and bone disease. 

Risk factors for chronic kidney disease 
include conditions such as diabetes, hy- 
pertension, and heart disease. In addition 
to these comorbidities, the progression of 
kidney disease can be strongly influenced 
by dietary modulations—for example, the 
DASH (dietary approaches to stop hyper- 
tension) diet has shown to be protective 
(6). The positive influence of the DASH 
diet on kidney disease progression has 
been suggested to be due to a lowering 
of blood pressure, a lowered dietary acid 
load, and/or a lower likelihood of promot- 
ing inflammation and endothelial cell dys- 


Dietary influences on gut microbiota 

The diet can modulate the gut microbial taxa (represented by different colors), thereby influencing 
metabolite production (left side of the figure). By contrast, Lobel et al. find that diet does not 
modulate the bacterial taxa, but rather posttranslationally influences the bacterial proteome, 
which alters microbial metabolite production (right side of the figure). 
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function (6). A low-protein diet is another 
dietary intervention used in chronic kid- 
ney disease patients, and a benefit of this 
approach appears to be a decrease in ure- 
mic toxins. Uremic toxins are compounds 
that are retained in the blood when kidney 
function is compromised, and increases in 
uremic toxins promote a variety of pathol- 
ogies, including endothelial dysfunction. 

Because gut microbes produce uremic 
toxins (including p-cresyl sulfate, indole 
and indole derivatives, and trimethylamine 
N-oxide), the production or modulation of 
these substances by gut microbes has also 
been a focus of research (7). Although the 
role of the gut microbiota to produce ure- 
mic toxins is well-known, Lobel e¢ al. in- 
troduce an entirely new twist on this para- 
digm: the idea that dietary changes can 
trigger posttranslational modifications of 
microbial proteins that alter uremic toxin 
formation, and thereby influence chronic 
kidney disease progression. Specifically, 
Lobel et al. report a dietary intervention 
that induced a posttranslational modifica- 
tion (S-sulfhydration) of a microbial en- 
zyme, leading to a decrease in uremic toxin 
production that had a protective effect in 
a mouse model of kidney disease. This is a 
notable finding because posttranslational 
changes drove this outcome, and the gut 
microbial community composition itself 
was not found to be altered (see the figure). 

In recent years, a number of studies 
have shown that changes in the gut mi- 
crobiota (typically, changes in the relative 
proportion of various bacteria) are associ- 
ated with a wide diversity of diseases and 
conditions, including obesity, diabetes, bi- 
polar disorder, and depression. However, 
many of these studies have been correla- 
tive—they have reported shifts in bacterial 
abundances in affected individuals, but 
it is often unclear why these shifts occur, 
or whether they are causal. Are the shifts 
somehow promoting the associated pheno- 
type? Or are they reacting to it? In at least 
one case, a change in bacterial abundance 
in type 2 diabetes was tied to a pharma- 
ceutical intervention common in the af- 
fected group, rather than a consequence 
of the disease itself (8), highlighting the 
complexity inherent in these studies. To 
move research forward, it is imperative 
that studies go beyond reporting associa- 
tions, and begin to unravel mechanisms 
underlying these shifts, and to understand 
the consequences. 

The study of Lobel et al. goes a step be- 
yond the taxonomic approach by highlight- 
ing the idea that a “shift” in bacterial com- 
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position is not the only explanation for a 
change in function of the gut microbiota. If 
posttranslational modifications of the bac- 
terial proteome modulate host physiology 
or pathophysiology, then simply determin- 
ing bacterial abundance will not reveal all 
of the key information. In retrospect, this 
should not be surprising: In mammalian 
research, it has been known for decades 
that the relative abundance of messenger 
RNA (mRNA) is not informative about 
everything that is happening at the pro- 
tein, posttranslational, or functional level. 
Similarly, it is not surprising that, for some 
situations, species-level abundances of gut 
microbes fail to provide the full picture of 
what is happening in health and disease. 

The findings of Lobel et al. emphasize 
the importance of not simply measuring 
bacterial abundances, but instead truly 
understanding functional processes that 
underlie host-microbiota interactions. 
Although such studies are difficult, Lobel 
et al. provide a blueprint for how they can 
be accomplished. Furthermore, these stud- 
ies imply that the progression of chronic 
kidney disease may be modified by new 
strategies that alter the gut microbiota 
and/or the enzymatic activities of the gut 
microbial proteome. 

Looking ahead, these types of ap- 
proaches can yield dividends for not only 
chronic kidney disease, but for a large array 
of other diseases and conditions for which 
the microbiota have been implicated. By 
definition, these types of studies require 
a multidisciplinary approach as one must 
be cognizant of not only microbial biol- 
ogy and posttranslational modification 
modalities but must also understand the 
whole-animal physiology and pathophysi- 
ology of disease. Thus, this represents a 
great opportunity for scientists from di- 
verse fields to come together. By pooling 
the diverse knowledge and approaches of 
varied fields, advances in understanding of 
host-microbiome interactions and disease 
progression can be made, and perhaps new 
approaches to disease treatment and pre- 
vention can be uncovered. 
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IMMUNOTHERAPY 


Messengers 
from the 
microbiota 


Microbiota produce 
inosine, a metabolite that 
modulates effector T cells 
and tumor immunity 


By Fyza Y. Shaikh! and Cynthia L. Sears!? 


mmunotherapy sometimes leads to 

stunning therapeutic success in a wide 

range of cancers. However—except in 

melanoma, microsatellite instable (MSI) 

colorectal cancer, Hodgkin’s lymphoma, 

and Merkel cell carcinoma—only ~15 to 
30% of cancer patients respond to treatment. 
Thus, identification of the determinants of 
response are under intense investigation, 
and the gut microbiota is proposed to be a 
critical determinant for immunotherapy re- 
sponses. On page 1481 of this issue, Mager 
et al. (1) show that inosine produced by 
specific gut bacteria, Bifidobacterium pseu- 
dolongum or Akkermansia muciniphila, 
enhances immune checkpoint inhibitor 
(ICI; a type of immunotherapy) efficacy in 
numerous mouse models. They propose 
that impaired gut barrier function from ICI 
treatment facilitates inosine systemic trans- 
location, resulting in adenosine 2A receptor 
(A,,R)-dependent activation of T helper 1 
(T,,) antitumor effector cells that yield tu- 
mor shrinkage. These intriguing data pro- 
vide a potential framework to directly link 
microbe-induced metabolite synthesis and 
ICI therapeutic efficacy. 

Step-by-step examples of a _ micro- 
biota, metabolite, immune effector, tu- 
mor response (or nonresponse) cascade 
in humans do not yet exist. However, the 
complexity presented by the hundreds to 
thousands of human gut bacteria may be 
reduced by enhancing the understanding 
of the biosynthetic metabolite redundancy 
among bacterial species (2). Accruing ex- 
perimental and human data linking bac- 
terial metabolites to human physiology 
and disease are encouraging. For example, 
studies of the interactions of bacterial me- 
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tabolites and human G protein-coupled 
receptors (GPCRs), a critical receptor class 
that mediates drug action, suggest that 
multiple simple bacterial metabolites, pro- 
duced by more than one bacterial species, 
are GPCR agonists and affect immune and 
neurologic function (3, 4). 

Furthermore, molecular approaches 
to modify bacterial genomes, such as 
CRISPR-Cas9-based gene deletion, en- 
able characterization of how single mol- 
ecules produced by specific bacteria affect 
host function. For example, using this ap- 
proach, analysis of a Clostridium sporo- 
genes mutant deficient in the production 
of branched short chain fatty acids (SCFAs) 
revealed a previously unknown capacity 
for branched SCFAs to regulate the num- 
bers of immunoglobulin A (IgA)-produc- 
ing plasma cells in the small intestine (5). 
Fermentation of dietary fiber by the gut 
microbiota produces SCFAs (acetate, pro- 
pionate, and butyrate). SCFAs are the most 
abundant microbial metabolites in the 
gut that act through gut mucosal GPCRs 
(GPCRs 41, 43, and 109A) and are known 
for their critical role in colon homeosta- 
sis. SCFAs regulate the phenotype and/ 
or function of macrophages, neutrophils, 
dendritic cells, and CD4* T cells [especially 
regulatory T cells (Tyee cells)] and have re- 
cently been found to promote CD8* T effec- 
tor function and memory potential (6, 7). 

Early translational studies in cancer 
patients suggest that SCFAs limit anti- 
CTLA-4 (cytotoxic T lymphocyte-associ- 
ated antigen 4) ICI responses but promote 
anti-PD-1 (programmed cell death protein 
1) ICI responses (8, 9). ICIs block inhibi- 
tory immune cell and tumor molecules to 
unleash an antitumor immune response. 
ICIs, particularly anti-CTLA-4, likely al- 
ter intestinal barrier function in humans. 
Altered barrier function is associated with 
microbiota disruption (dysbiosis) that 
contributes to acute colitis, inflammatory 
bowel diseases, as well as colorectal cancer. 
Thus, better understanding of the effect of 
ICIs on the gut microbiota, its metabolic 
capacity, and metabolite-mediated down- 
stream effects on colon mucosal immunity 
and tumor immune responses is needed. 
It is clear that untangling which gut mi- 
crobiota species and metabolites, singly or 
together, modify human disease and thera- 
peutic outcomes is a difficult challenge. 

Inosine is another key metabolite pro- 
duced by the gut bacteria. This endog- 
enous purine nucleoside is formed by 
deamination of adenosine. Prior data 
support an immunosuppressive role for 
inosine, which activates A,,R signaling to 
limit inflammation, block T,,1 cell differen- 
tiation, promote él cell activity, and thus 
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Microbial signaling 

Diet and medications yield microbiota that produce 
metabolites such as inosine or short chain fatty 
acids (SCFAs), which regulate mucosal and 
systemic immune cells. Inosine acts in the tumor 
microenvironment, through activation of adenosine 
2A receptor (A,,R) signaling in T helper 1 (T,,1) cells 
and regulates antitumor immunity in a context- 
dependent manner. 


Immune checkpoint inhibitor (ICI) therapy 

ICls disrupt the gut barrier, which allows bacterial 
metabolites, such as inosine, to promote antitumor 
immunity in an interferon-y (IFN-y)—dependent manner. 
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inhibit tumor immunity in vivo. A,,R is 
also a GPCR and a target for drug develop- 
ment. Pharmacologic antagonists of A,,R 
enhance antitumor immunity in multiple 
mouse models and are currently in on- 
cology clinical trials. Conversely, inosine 
supplementation was recently reported 
to enhance the antitumor efficacy of ICI 
therapy and adoptive T cell transfer in pre- 
clinical mouse models, but only in models 
that used tumor cells unable to catabolize 
inosine to support cell growth (10). These 
data suggest that, at least in some circum- 
stances, inosine can relieve tumor-imposed 
metabolic restrictions on T cells. 

Mager et al. build on this theme by show- 
ing with in vitro assays that inosine dis- 
plays context-dependent actions (see the 
figure). Inosine boosted or inhibited T,1 
differentiation of naive T cells in the pres- 
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ence or absence, respectively, of exogenous 
interferon-y. Prior work similarly identi- 
fied highly context-dependent, oncogenic 
Tye cell action (71). Collectively, these data 
highlight that “company matters” in the 
highly pleomorphic and ever-expanding 
characterization of immune cell function, 
especially within the tumor microenviron- 
ment. Whether context-dependent inosine 
action is relevant to human T,,1 cell dif- 
ferentiation or effector cell biology and/or 
affects current human cancer therapy tri- 
als of A,,R antagonists deserves scrutiny. 
Further analysis of microbial, serum, and 
immune cell samples from patients under- 
going ICI treatment will clarify the impact 
of the observations by Mager et al. 

Despite the exciting explosion of micro- 
biota studies over the past 15 years, pin- 
ning down which microbial members or 
mediators are validated biomarkers for 
human disease prognosis or therapeutic 
response, has been elusive. Encouragingly, 
microbiota-based therapeutics are emerg- 
ing for the treatment of Clostridioides dif- 
ficile infection (12). Although the highly 
positive causal findings in microbiota 
studies in mice are thrilling, perhaps im- 
plausibly so, these results contrast sharply 
with diverse and inconsistent findings in 
microbiota human studies to date. Diet 
and drug exposure (antibiotics and non- 
antibiotics) (13), both recent and distant 
(14, 15), seem to modify microbiota-linked 
human disease outcomes, yet these factors 
are rarely included as prospectively col- 
lected variables in human study analyses. 
These gaps in outcomes emphasize that to 
harness the putative power of the microbi- 
ota for therapeutic success, well-designed, 
well-powered human studies tied to trans- 
lational laboratory studies are needed to 
define circumstances that are addressable 
with microbiota-based treatments. & 
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Protecting the sewershed 


As cities use Sewage as a water source, proactive policies 
must safeguard public health 


By Sasha Harris-Lovett! and David Sedlak*? 


rban population growth and _less- 
reliable precipitation patterns due to 
climate change are putting pressure 
on the drinking water supplies of cit- 
ies worldwide (7). At the same time, 
water treatment technologies are 
improving and becoming cheaper. These 
combined conditions have led urban wa- 
ter supply managers to look favorably on a 
nontraditional drinking water source: sew- 
age (2). Purifying sewage to meet drinking 
water quality standards, a process known as 
potable water reuse, is technically feasible 
and can be cost-effective for augmenting 
urban water supplies. For these reasons, 
potable water reuse systems are becoming 
popular in the United States, Singapore, 
and Australia, among other places (3). 
These new water supplies require reas- 
sessment of the policies and strategies for 
management of sewage and drinking water. 
Traditionally, water supply managers and 
regulators in the United States and much 
of the world have assumed that cities would 
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get their drinking water from the most pris- 
tine sources available. When contaminants 
of health concern were detected, regulators 
imposed additional standards for drinking 
water treatment, such as maximum con- 
taminant levels for a particular chemical (4). 

Using sewage as a water source requires 
a different approach. In the era of potable 
water reuse, a proactive regulatory strat- 
egy is especially necessary to protect pub- 
lic health, and regulations must adapt to 
take this practice into account. Sewage is, 
by definition, highly polluted. Although 
water treatment technologies can produce 
recycled water that meets current drinking 
water standards, the existing approaches 
of waiting until health impacts are recog- 
nized before acting to regulate a particular 
chemical found in the recycled water (as is 
current practice in the United States) may 
not adequately protect public health. In the 
European Union, the approach of prohib- 
iting potable reuse systems because they 
are deemed too risky is also not wholly 
effective because of the prevalence of un- 
planned water reuse (5). 

As planned potable water reuse systems 
become more common, water management 
must undergo a paradigm shift. This is not 
the first time the water industry has faced 
this type of challenge. In the late 20th cen- 
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Advanced technologies can convert raw sewage 

(left container) into drinking water (right container) 
by removing the vast majority of pollutants 

(center container) in the process. Proactive policies 
to identify, prevent, and monitor trace levels of 
remaining contaminants in drinking water are needed 
to protect public health. 


tury, water managers and regulators in the 
United States recognized that preventing 
pollution of water supplies from diffuse 
sources, such as farm runoff and pastures, 
was often more effective and cheaper than 
finding ways to purify contaminated drink- 
ing water (6). The push for watershed pro- 
tection in the 1990s changed the way that 
water utilities managed drinking water and 
provides lessons for protecting drinking wa- 
ter in the era of potable water reuse. 

Watershed protection regulations such as 
the 1996 amendment to the Safe Drinking 
Water Act prevented pollution throughout 
the hydrologic basin from which cities ob- 
tained drinking water (6). In the United 
States, federal funds were allocated to help 
water managers meet new watershed pro- 
tection requirements (6). These policies 
changed the status quo: Many water utilities 
restructured their organizations to acquire 
and manage land, to develop expertise in 
rangeland conservation and forestry, and to 
work closely with stakeholders throughout 
the watershed. 

Wastewater was left out of previous wa- 
tershed protection efforts. Because it is in- 
creasingly integral to urban water supplies, 
it now merits explicit consideration. This 
nontraditional water source requires an ex- 
tension of watershed protection programs 
to include the “sewershed”—the network of 
sewers and sewage collection infrastructure 
in cities. Today, a sewershed protection ap- 
proach is needed alongside existing water- 
shed protection programs to preserve the 
safety of drinking water supplies. 

Sewershed protection is a proactive reg- 
ulatory approach to address the potential 
health risks associated with contaminants 
in sewage. Sewershed protection, paired 
with water treatment technologies, can 
safeguard drinking water supplies by curb- 
ing discharges of chemicals that have the 
potential to pass through water treatment 
systems. The same features of watershed 
protection should apply to sewershed pro- 
tection: prioritizing resource allocation, 
ensuring stakeholder involvement in the 
development of goals, and finding inte- 
grated solutions. 

For potable water reuse systems, much 
of the attention on chemical contamination 
has focused thus far on characterizing and 
removing pharmaceuticals, personal care 
products, and disinfection by-products (2). 
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The presence of these chemical compounds 
is relatively uniform across sewersheds, and 
gains made in understanding the sources of 
these compounds and options for treating 
them will apply to a range of cities consider- 
ing or employing potable water reuse. 

This is an important step, but it is insuf- 
ficient to ensure the ongoing safety of pota- 
ble water reuse systems. Characterization 
and control of industrial chemicals in sew- 
ersheds are also necessary (7). Chemicals 
intentionally discharged or accidentally 
released by factories or commercial enter- 
prises to sewersheds are less predictable 
than chemicals sourced from households. 
Industrial chemical discharges to sewers 
vary greatly depending on which indus- 
tries are present; sewersheds with indus- 
trial discharges may have concentrations 
of chemicals that are several orders of 
magnitude larger than those without in- 
dustrial discharges (8). 

Although the 1972 Clean Water Act regu- 
lates discharges of contaminants into sur- 
face waters in the United States to protect 
aquatic ecosystems, there is no comparable 
regulation to ensure that what goes into 
sewers is safe to be used as an eventual 
drinking water supply. Most existing indus- 
trial waste discharge permits and wastewa- 
ter source control programs are relics of a 
previous era when the primary concern was 
the introduction of chemicals that could 
prevent the microbes at the sewage treat- 
ment plant from doing the work of clean- 
ing wastewater. Regulations for sewershed 
protection must take into account the po- 
tential risks that chemicals in the sewer- 
shed pose to public health, as well as the 
cost and effectiveness of existing technolo- 
gies to purify wastewater to drinking water 
standards (9). In sewersheds with higher 
risk of drinking water contamination due 
to large volumes of industrial chemical dis- 
charges to a sewershed relative to the vol- 
ume of municipal wastewater, sewershed 
protection regulations might prohibit po- 
table water reuse or require more extensive 
treatment and monitoring. 

Some cities have begun to pursue proac- 
tive sewershed protection policies. For exam- 
ple, in Orange County, California, where po- 
table water reuse has been practiced for more 
than 40 years, the wastewater utility has im- 
posed strict limits on industrial discharges 
of toxic chemicals that have the potential to 
pass through its advanced treatment system. 
Similar practices have been less extensive in 
other cities that are planning and operating 
potable water reuse systems (10). 

The concept of sewershed protection 
should not be restricted to places that are 
planning or operating potable water reuse 
systems. Treated wastewater is ubiquitous 
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in surface waters, as evidenced by the pres- 
ence of organic chemical contaminants de- 
rived from treated wastewater in more than 
80% of streams in the United States (17). 
Wastewater effluent dominates the flow of 
more than 900 streams in the United States 
and many European rivers at some times of 
year (5, 12). Many cities already rely upon 
water that originates in a sewershed; for 
example, Philadelphia, Berlin, and Houston 
all draw drinking water from surface waters 
with substantial contributions of wastewa- 
ter effluent (2, 5, 73). 

The sewershed protection concept also 
has implications for the quantity of re- 
cycled water that is potentially available. 
Household-scale water reuse and indoor 
water conservation can be important prac- 
tices that are strongly supported within 
communities; however, a sewershed ap- 
proach that explicitly acknowledges and 
plans for sewage being part of the water 
supply is essential to coordinating invest- 
ments in water conservation and potable 
water reuse to produce a reliable supply of 
safe drinking water. Household- and neigh- 
borhood-scale water conservation efforts, 
such as greywater recycling and low-flow 
appliances, can reduce flows to munici- 
pal wastewater treatment plants, thereby 
concentrating pollutants and reducing 
the overall quantity of water available for 
municipal water reuse. Even under circum- 
stances where industrial discharge to sew- 
ers is not a major concern, more efficient 
indoor water use has the potential to con- 
centrate pollutants in sewage (6). 

Recognition that sewers are part of the 
water supply requires important changes to 
US. policy, including the Clean Water Act 
and the Toxic Substances Control Act, and 
dictates a need for additional scientific re- 
search to protect drinking water supplies 
and public health. Regulators must imple- 
ment policies to mandate more extensive 
monitoring and disclosure of chemicals dis- 
charged to sewers by commercial and indus- 
trial operations. Wastewater utilities must 
work with stakeholders to initiate real-time 
monitoring of chemicals in sewage, and cre- 
ate a mechanism for diverting or providing 
additional treatment at potable water reuse 
systems if release of a chemical occurs as 
the result of a spill. 

Scientists and funding agencies must 
intensify research on the identification, 
fate, transformation, and health effects of 
chemicals in wastewater to enable more 
informed decision-making about potable 
water reuse. Special attention should be 
given to sewersheds that have a high con- 
tribution of wastewater from industrial, 
commercial, and medical sources, and these 
should not be considered for water reuse if 
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there is not clear evidence of robust water 
treatment, reliable system operations and 
maintenance, and rapid disaster response 
capacity. Chemicals that have the greatest 
likelihood of passing through advanced wa- 
ter treatment facilities, or that produce toxic 
by-products during the water treatment 
process, must be identified, monitored, and 
controlled. This would enable more reliable 
water quality and create the possibility of 
tailoring treatment plants to the local com- 
position of sewage in a particular sewershed. 

Finally, support for the development of 
biodegradable, nontoxic chemical alterna- 
tives for compounds that are difficult to 
remove during water treatment is urgently 
needed. Policies to support green chemistry 
would lessen potential health risks associ- 
ated with using sewage as a water supply. 
Regulations similar to Europe’s REACH leg- 
islation, which place the burden of proof of 
chemical safety on the manufacturer, may 
be more protective of health than the U.S. 
Toxic Substances Control Act (J4) and are 
therefore more appropriate in the era of po- 
table water reuse, provided that sewershed 
safety is considered. 

Changes such as these are foundational 
to a sewershed protection approach. They 
will help to mitigate the risks posed by us- 
ing sewage as a source of water supply, iden- 
tify sewersheds where potable water reuse 
is a less desirable option, and protect public 
health in the era of potable water reuse. 
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DEVELOPMENTAL BIOLOGY 


Tempus fugit: How time flies during development 


Developmental-timing differences between species are linked to protein turnover 


By Ryohei Ilwata??3456 and 
Pierre Vanderhaeghen! 23456 


ugit irreparabile tempus,’ wrote Virgil, 
a reminder that our lives are defined by 
the irreversible flow of time. As soon as 
the egg is fertilized, embryonic cells fol- 
low a developmental program strictly or- 
ganized in time. The sequence typically 
is conserved throughout evolution, but indi- 
vidual events can occur over species-specific 
time scales. Such differences can have marked 
effects. For instance, it takes 3 months to 
generate cerebral cortex neurons in a human 
but only 1 week in a mouse. This prolonged 
neurogenesis likely contributes to evolution- 
ary expansion of the human brain (J). But the 
mechanisms underlying developmental time 
scales remain largely unknown. On pages 1449 
and 1450 of this issue, Rayon et al. (2) and 
Matsuda et al. (3), respectively, report an asso- 
ciation between species-specific developmen- 
tal time scales and the speed of biochemical 
reactions that support protein turnover. 

Cell differentiation during mammalian de- 
velopment uses two types of timing mecha- 
nisms (biological clocks) based on oscilla- 
tions or unidirectional processes (hourglass 
clocks). Modeling development in pluripotent 
stem cells (PSCs) from various species shows 
that the pace of differentiation of many cell 
types in an in vitro setting largely recapitu- 
lates the species-specific timing observed in 
embryos (4, 5). Even when human neurons 
are transplanted as single cells in a mouse 
brain, they follow their own prolonged devel- 
opmental timeline (6). This suggests that cell- 
intrinsic mechanisms, yet to be discovered, 
dictate the timing of developmental trajecto- 
ries in a species-specific manner. 

Matsuda et al. examined a biological 
rhythm typical of vertebrate embryos: the 
“somite segmentation clock,’ by which the 
body is built segment (or somite) by segment, 
thanks to waves of expression of specific 
genes (oscillations) in presomitic mesoder- 
mal (PSM) cells. Using in vitro modeling with 
mouse and human PSCs, the authors exam- 
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ined waves of expression of HES7 (hes family 
bHLH transcription factor 7), a segmental- 
clock master gene. They found similar waves 
in PSM cells of both species, but the period 
of oscillations in human cells was ~5 hours 
instead of 2 hours (as in mouse cells), consis- 
tent with another recent report (7). 

What might underlie such cell-intrinsic 
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differences? Evolutionary divergence in de- 
velopmental processes usually occurs as 
a result of changes in the gene regulatory 
networks (GRNs) that control them (8). The 
authors examined the GRN of segmental 
oscillations, and except for the period of os- 
cillation, they found no obvious difference 
between human and mouse gene expression. 
They then swapped the mouse and human 
genome sequences containing the HES7 lo- 
cus. The human HES7 gene transplanted in 
mouse cells displayed fast oscillations like the 
mouse gene, whereas the mouse gene trans- 
planted in the human cells displayed slower, 
human-like oscillations (see the figure). Thus, 
even DNA cis-regulatory components of the 
GRN do not appear to dictate the time scale 
of HES7 oscillations. However, Matsuda et al. 
found important species-specific differences 
in a different mechanism: the speed of bio- 
chemical reactions leading to protein turn- 
over (production and decay). Human cells 
displayed slower kinetics of protein expres- 
sion (including “expression delays” related to 
RNA transcription, splicing, and translation) 
and a slower rate of protein decay, mostly re- 
lated to degradation. Many examined param- 
eters showed a twofold difference in mouse 
versus human cells, matching the time differ- 
ences observed for the segmentation clock. 
Rather than being dominated by clock- 
like oscillations, the developmental process 
is specified mostly by cell-fate transitions, 
by which embryonic cells gradually and ir- 
reversibly become differentiated cells. Could 
it be that similar mechanisms regulate these 
hourglass-like timing events as well? Rayon 
et al. explored this notion using a motor neu- 
ron (MN) developmental model from mouse 
and human PSCs. Examination of MN devel- 
opment in vitro revealed that the underlying 
GRN is similar in both species, except that 
human motoneurogenesis takes 2.5 times 
longer in the human cell model versus the 
mouse. The authors then examined the influ- 
ence of sonic hedgehog, the key morphogen 
that induces MN fate (by changing timing 
and intensity of the signal), and the MN- 
development master gene OL/G2 (oligoden- 
drocyte transcription factor 2) (by inserting 
the human gene in mouse cells) but found 
no effects that explained the species-specific 
time differences. They then analyzed protein 
stability during MN development and found 
that the mean protein half-life was doubled 
in human cells compared with mouse cells, 
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which is consistent with the findings of 
Matsuda et al. Both studies point to protein 
turnover as a potential source of variation in 
developmental time scales. Each group tested 
this hypothesis further by in silico modeling 
of their experimental systems, which pre- 
dicted, in each case, a prominent influence of 
the delay in protein production and protein 
decay on developmental time scales. 

That protein turnover affects the timing 
of development is provocative and attrac- 
tive but must be validated by experimental 
evidence for causal relationship between 
the two (by altering the production and de- 
cay of proteins and mRNA, and then exam- 
ining the developmental time scale). Such 
experiments will also help to determine the 
respective contributions of expression delay 
versus protein decay, on which each study 
puts a somewhat different emphasis. The 
consistent results from both studies also 
raise questions about the mechanisms up- 
stream of interspecies differences in protein 
turnover. Metabolism is an attractive candi- 
date. Protein turnover requires a consider- 
able amount of energy (9), and metabolic 
rewiring has emerged as a central instructor 
of cell fate transitions (10), although through 
epigenetic remodeling rather than changes 
in proteostasis. Another question is whether 
the same principles apply to developmental 
events that display more pronounced time 
scale differences. For example, GRN diver- 
gence might operate through specific genes 
that modulate the timing of human cortical 
neurogenesis (17). Furthermore, metabolism 
and protein turnover might display differ- 
ences depending on the cell context or the 
specific protein involved. And known corre- 
lations between developmental timing, life 
span, and aging across species (72) might all 
be causally linked to differences in metabo- 
lism and protein turnover. 
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QUANTUM SYSTEMS 


Multiplicative suppression 


of decoherence 


Combining different protocols extends the life 


of a quantum system 


By Philip Hemmer’? 


ptically addressed quantum spin 
systems have been explored for a 
number of applications, with quan- 
tum information being one of the 
most exciting. However, noise fields 
destroy quantum information, es- 
pecially in solids, through a process called 
decoherence. This process limits how well 
quantum information devices perform. The 
spin decoherence problem has been studied 
for decades, and many protocols have been 
devised to suppress it. All of these protocols 
have limitations, which drives the search for 
new and better strategies. On page 1493 of 
this issue, Miao et al. (1) show that in some 
cases, two substantially different protocols 
can be combined to get a multiplicative im- 
provement of the coherence time. 


To explain how quantum coherence is 
protected, first defining it in a simple way 
is useful. A qubit or quantum bit is often 
depicted as a superposition of logical “0” 
and “1” states, written as (a|0) + £/1)). 
Hence, at least until readout, a qubit can 
be viewed as analog, rather than digital. In 
addition to the relative magnitude of the 
0 and 1 components, the relative phase is 
also important. This is because quantum 
states are often based on oscillators. Phase 
is simply a way of specifying where an os- 
cillator is in its cycle at a particular snap- 
shot in time (see the figure). For example, a 
vibrating ball might be stalled at its maxi- 
mal displaced position or be at its maximal 
speed with momentary zero displacement 
(2). Quantum coherence is then defined as 
a precise magnitude and phase relation- 
ship between two quantum oscillators. 


Creating quantum systems 


The magnitude and phase information of a qubit is illustrated with a pair of oscillating balls. 


Setting up the system 

The relative magnitude and phase are shown 
using an idealized stroboscopic picture, 

where the arrow represents the instantaneous 
speed of the ball. Each oscillating ball is 
represented mathematically with a |O) or |1). 
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Coupling oscillators 

Interactions between qubit oscillators can be represented 

by coupling the balls with a spring. The original qubit states do 
not interact when their oscillation frequencies are far apart. 
However, near degeneracy the coupling favors special coupled 
vibration modes that are stable against phase drifts. 
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Decoherence arises when any noise 
source alters either the magnitude or phase 
of one of the qubit’s oscillators differently 
than the other. One popular technique to 
suppress decoherence is through the use of 
“decoherence-protected subspaces” (DPSs). 
Constructing such a subspace from the 
above two-oscillator system is accomplished 
by weakly coupling them by adding a spring 
(see the figure). When the two oscillators 
are far detuned from each other, the spring 
has no effect. However, near zero detuning, 
the spring effectively causes the relative 
phases to have different energies, and this 
can act like a barrier to suppress phase de- 
coherence. In fact, certain phases become 
constants of motion, also called normal 
modes, of the coupled system. Examples of 
normal modes are the in- and out-of-phase 
cases, (|0) + |1))) = |+) and (|0) - |1)) = |-), 
neglecting normalization. Because these 
normal modes are so stable, using these as 
the qubit states makes more sense than the 
original |0) and |1). So, the qubit now be- 
comes (a|+) + B|-)) in a DPS. 

The next question is how to create and 
use one of these DPSs. Many possible ap- 
proaches exist, but the examples in Miao 
et al. are useful to consider. The first DPS 
involves using a spin-1 system in a low- 
symmetry crystal. The levels of a spin-1 sys- 
tem in a strong magnetic field are, using the 
notation from Miao et al., |+1z), |-1z), |0). 
The |0) state is not affected by the magnetic 
field and therefore is already one state of a 
DPS. To construct the other state, the mag- 
netic field is removed. The |+1z), |-1z) states 
then naturally become coupled to each 
other by interactions present in a low-sym- 
metry host, like electric field or strain. This 
gives |+) and |-) states analogous to those 
mentioned above and completes the DPS. 

The challenge is to construct a second 
DPS that is sufficiently different from the 
first such that it results in a multiplica- 
tive improvement in coherence time. The 
authors use a strong alternating current 
field to resonantly drive a transition be- 
tween two of the above DPS states. Such 
a driven two-level system is often mod- 
eled by a Bloch vector, which is a three- 
dimensional representation of the rela- 
tive magnitude and phase (see the figure). 
The driving field causes rotation about 
the axis shown at a rate equal to the Rabi 
frequency, . Decoherence corresponds to 
rotation about an orthogonal axis, and so 
it is suppressed by a large 2. This process 
is analogous to a mechanical gyro, where 
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attempts to tilt its rotation axis appear to 
be resisted by an invisible force. Special 
points on the Bloch sphere traced out by 
the Bloch vector correspond to normal 
modes called “dressed states” (|g, w)) + |e)) 
and (|g, w) - |e)) that are used to construct 
the second DPS, denoted as |+1) and |-1) by 
the authors. 

Dressed states are not normally used for 
DPS states because they are sensitive to 
the strength of the driving field. However, 
Miao et al. developed a clever scheme to 
overcome this problem by driving a direct 
transition between the dressed states (3) to 
probe and correct the driving field strength. 
This resulted in a further increase in coher- 
ence time of two orders of magnitude. 

The authors’ key accomplishment is that 
DPSs can be combined to achieve multi- 
plicative decoherence suppression. These 
demonstrations stimulate the imagination 
in a way that can lead to breakthroughs. 
For example, could decoherence be further 
suppressed if the dressed states themselves 
were strongly driven by a second resonant 
field (i.e., “nested” dressed states), possibly 
with a different Rabi frequency? Classically, 
this process is analogous to achieving a 
higher level of noise suppression by inde- 
pendently modulating a signal at two fre- 
quencies and demodulating it at the sum 
or difference frequency. An analogous sum- 
frequency heterodyne experiment showed 
quantum-like classical entanglement (4), 
so there may be additional information- 
processing advantages as a side benefit to 
the decoherence protection. 

This leads to the question of whether 
other schemes might generate a DPS with 
multiplicative benefit. In Miao et al., the 
probing transition between dressed states 
was electric-dipole, whereas the original 
resonant drive was magnetic dipole. The 
possibility of using this to achieve further 
decoherence suppression should be consid- 
ered. In Miao et al., the authors still have 
one unused DPS state. By upgrading the ex- 
perimental geometry to access this state, it 
could be possible to simultaneously imple- 
ment yet another DPS. This might, for ex- 
ample, be accomplished using a Raman-like 
scheme. By demonstrating a multiplicative 
advantage combining two DPSs, Miao e¢ al. 
open the door to new DPS approaches that 
may substantially enhance the performance 
of future quantum information systems. 
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Advance in 
global ocean 
acoustics 


Earthquakes can be 
used to define changes 
in ocean heat content 


By Carl Wunsch 


n the past 50 years, the major con- 
ceptual revolution in physical ocean- 
ography is the transformation from 
considering the ocean as a large-scale, 
extremely slowly changing fluid to 
a fundamentally turbulent one. The 
ocean changes across a wide range of tem- 
poral and spatial scales, from millimeters 
to 30,000 km and from seconds to multi- 
millennia, with major regional differences. 
Because ocean exploration relied on a few 
slow, expensive ships exploring over many 
decades and depicting only the grossest 
mappable global properties, observing the 
variability is a forbidding challenge. The 
ocean is very noisy, filled with short-spatial 
scale structures that make obtaining large- 
scale average properties problematic. The 
oceanographic community responded by 
developing altimetric and gravity satellites, 
the Argo profiling system, and ever more 
capable models. On page 1510 of this issue, 
Wu et al. (1) demonstrate how an intriguing 
combination of physical oceanography and 
classical seismological techniques poten- 
tially opens the way for an entirely new and 
globally capable observation system. 

The fluid ocean has been known for 
hundreds of years as a good transmitter 
of sound. This property contrasts with the 
opacity of the ocean to electromagnetic 
radiation at all useful wavelengths. The 
use of acoustic depth sounding from ships 
dates back to the beginning of the 20th 
century. At about the same time, navies 
recognized that reliable submarine detec- 
tion required acoustic detection. Acoustic 
methods have come to be used recently in 
a variety of ways, including local signaling 
from ships to release an anchor from an 
instrument moored to the seafloor, for the 
tracking of subsurface drifting instruments 
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(2), and in measuring devices that use 
acoustic backscatter techniques over meter 
scales. Biologists have long listened to the 
sounds of marine organisms of all sizes and 
shapes. Nonetheless, observational systems 
designed to study the physics of the fluid 
ocean relied initially on purely mechanical 
devices and, more recently, on instruments 
that electronically recorded data internally. 

The use of acoustics was neglected for 
several reasons. Ocean acoustics were 
mainly the domain of classified navy work 
directed at short-range immediate detec- 
tion of submarines or for hiding subma- 
rines from acoustic detection. This situa- 
tion resulted in acoustics not being part 
of the normal toolkit for ocean observa- 
tions. Remarkable and useful as the satel- 
lites and Argo systems have proven, these 


anomalies inside a patient. Over the next 
several decades, numerous experiments on 
spatial scales from hundreds to more than 
10,000 km repeatedly demonstrated the 
fundamental utility of the technique (see 
the figure) (4, 5). These programs used arti- 
ficial sound sources because these removed 
the analogous seismological problem of hav- 
ing to determine source location and timing 
from the same data as was being used to 
study the medium, and the sources could be 
placed anywhere. Acoustic tomography was 
not, as originally envisioned, exploited on a 
continuing global basis. A federally funded 
program to establish a Pacific Ocean-wide 
prototype [Acoustic Tomography of the 
Ocean Circulation (ATOC)] triggered an 
outcry that the experiment was going to 
deafen and thus destroy the marine mam- 


Temperature profiles from sound 


The sound speed minimum in the ocean acts as an acoustic waveguide. Many different sources can generate 
acoustic waves. These include explosions, earthquakes, or perhaps even whale song. Rays emanating 
from the source at different angles cycle between different depths on their way to the receiver. The varying 
vertical properties change the travel time for different rays as they move from source to receiver. This 
different sampling permits tomographic reconstruction of a temperature profile. Intersecting vertical planes 


permit full three-dimensional results. 
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techniques have provided only partially ad- 
equate coverage of an electromagnetically 
opaque ocean with a mean depth of 3800 m. 
Existing methods produce point values with 
sometimes uncontrollable spatial distribu- 
tions, leaving them susceptible to distorted 
sampling in both time and space 

In 1979, the idea was developed that ex- 
ploitation of the oceanic transparency to 
sound coupled with modern acoustic source 
technology and inverse methods would per- 
mit determination of large-scale averages, 
with useful top-to-bottom resolution of the 
ocean temperature (heat content) (3). The 
methodology was called “ocean acoustic 
tomography” for its analog with the math- 
ematics of medical tomography, which also 
involves using measured integrals to find 
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mals of the ocean. That led in turn to years 
of often ill-tempered permitting processes 
with various U.S. agencies and public hear- 
ings. (Tomographic signal levels are a small 
fraction of those in the ocean from ship- 
ping, oil exploration, and naval activities.) A 
different problem involved the technology 
of acoustic sources, which had to be (i) low 
power to work from batteries and (ii) large 
in size to obtain low frequencies and finite 
bandwidths. The consequence was that the 
sources were both cumbersome to handle at 
sea and relatively expensive in both dollars 
and shiptime. Despite all of these difficul- 
ties, active-source acoustic tomography re- 
mains useful, particularly in the Arctic Sea, 
but in the hands of a comparatively small 
group of experts. 
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This situation may be about to undergo 
change. A great variety of natural and ar- 
tificial sound sources are detectable in 
the ocean, including earthquakes, ship- 
ping noise, breakup of floating ice sheets, 
oil exploration, rainfall, breaking waves, 
and large marine mammals, such as blue 
whales capable of signaling each other 
over ocean basin distances. From an in- 
formation extraction point of view, use of 
natural sources brings back the seismolo- 
gists’ hypocenter problem: finding source 
timing and three-dimensional space loca- 
tion. Wu et al. have now shown that acous- 
tic integrals from the sound signature of 
ordinary earthquakes can be used, quan- 
titatively, to determine changes in oceanic 
temperatures and, consequently, changing 
heat content. The authors evade the hypo- 
center problem by relying on “repeating” 
earthquakes, but more general possible so- 
lutions now also exist. 

Great advantages can accrue from ma- 
jor noise suppression obtained by averag- 
ing over months and years. One intriguing 
possibility is that quantitative deep ocean 
Measurements can be made from purely 
land-based seismic stations. At the other ex- 
treme, Project Mermaid (6) has shown the 
feasibility of detecting tomographic signals 
on drifting floats. If some fraction of the 
Argo floats carried relatively cheap hydro- 
phones, developing a true set of intersect- 
ing tomographic integrals is possible. These 
could also serve as ocean rain gauges (7). 

Several quantitative questions will need 
to be answered to determine how use- 
ful the technique may be. The applicabil- 
ity of the technique globally depends on 
whether repeating earthquake hypocenters 
are accurate enough globally. If so, historic 
earthquake records might be used to in- 
fer ocean temperatures long before direct 
Measurements became available. Whether 
noise sources such as ships and ice-sheet 
breakups, now tracked from space, can be 
accurately combined with their acoustic 
signatures is not clear. With enough receiv- 
ers, the potential exists for blue whales or 
other marine mammals to be used as to- 
mographic sources. This approach may not 
only benefit our understanding of the fluid 
ocean but also help us to understand bio- 
logical systems in the ocean. 
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Global citizen deliberation 
on genome editing 


Global governance can be informed by a deliberative 
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enome editing technologies provide 

vast possibilities for societal benefit, 

but also. substantial risks and 

ethical challenges. Governance and 

regulation of such technologies have 

not kept pace in a systematic or 
internationally consistent manner, leaving a 
complex, uneven, and incomplete web of na- 
tional and international regulation (7). How 
countries choose to regulate these emergent 
technologies matters not just locally, but 
globally, because the implications of techno- 
logical developments do not stop at national 
boundaries. Practices deemed unacceptable 
in one country may find a more permissive 
home in another: not necessarily through 
national policy choice, but owing to a persis- 
tent national legal and regulatory void that 
enables “ethics dumping” (2)—for example, if 
those wanting to edit genes to “perfect” hu- 
mans seek countries with little governance 
capacity. Just as human rights are generally 
recognized as a matter of global concern, so 
too should technologies that may impinge on 
the question of what it means to be human. 
Here we show how, as the global governance 
vacuum is filled, deliberation by a global citi- 
zens’ assembly should play a role, for legiti- 
mate and effective governance. 


INCLUSIVE PARTICIPATION 

Calls for inclusive participation are common 
among those concerned with the technology 
and its governance (3), when it comes to ap- 
plications in humans, food, agriculture, and 
environmental conservation (4). Interna- 
tional organizations such as the World Health 
Organization (WHO), the United Nations 
Educational, Scientific and Cultural Organi- 
zation, and the Organization for Economic 
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Co-operation and Development; science bod- 
ies such as the U.S. National Academies of 
Sciences, Engineering, and Medicine (5) and 
the UK-based Nuffield Council on Bioethics; 
and many others have joined the call. The 
WHO’s Expert Advisory Committee on Devel- 
oping Global Standards for Governance and 
Oversight of Human Gene Editing is explor- 
ing public engagement at various scales (6), 
involving a registry of genome editing trials, 
dissemination of scientific findings trans- 
lated into many languages, consultation with 
a broad range of stakeholders from around 
the world through videoconference seminars 
or web-based dialogue, and collaboration 
with other international organizations and 
nongovernmental organizations (NGOs). 
This is a call for action, but not a design for 
how to act in a way that involves citizens, still 
less at the crucial global level. 

In 2018, the international Association for 
Responsible Research and Innovation in 
Genome Editing (ARRIGE) was created, aim- 
ing to bring civil society into the discussion 
(7). But civil society is not the same as the 
citizenry, and to date ARRIGE has only got 
as far as a website, open meetings, and inter- 
national expert meetings. Others have called 
for monitoring and learning that would in- 
volve experts, scholars, policy-makers, and 
organizations (8). However important they 
may be, such initiatives do not fully address 
the practicalities and specifics that would 
enable meaningful participation of citizens 
from around the world. We propose a crucial, 
complementary effort, which would involve 
global public deliberation to explore the sci- 
ence and its implications, beginning with a 
global citizens’ assembly. 

There is already vast experience with citi- 
zen deliberation at local and national levels, 
on complex issues including those involving 
scientific and technological risk accompa- 
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nying potential benefits. Relevant models 
include citizens’ assemblies, citizens’ juries, 
deliberative polls, and consensus conferences 
(9). They can be game-changers: Citizens’ 
assemblies on same-sex marriage, abortion, 
and climate change in Ireland led to changes 
not just in law but to the texture of Irish 
politics—overturning the presupposition 
that some obstacles to reform were immu- 
table. Currently there is no experience with 
global citizens’ forums [globally oriented 
multicountry exercises such as World Wide 
Views (10) have citizens deliberate only with 
fellow-nationals]. The challenge to consider 
complex issues in multiple languages is for- 
midable, but Europe-wide forums such as 
Europolis have demonstrated the success of 
simultaneous translation. 


GLOBAL CITIZENS ASSEMBLY 

How would a global citizens’ deliberation be 
constituted? We propose a citizens’ assem- 
bly model (rather than any of its smaller 
alternatives, such as citizens’ juries) that 
would at a minimum be composed of 100 
people. Participants would be recruited 
throughout the world. Stratified random 
sampling would yield a broad spread in 
terms of nationality, cultures, level of edu- 
cation, age, income, religion, and gender. 
Care would be needed to protect the integ- 
rity of sampling from political interference, 
and in some places, it might be necessary 
to argue for the legitimacy of stratified ran- 
dom sampling (as opposed to, say, selecting 
only elders). Increasing the size beyond 100 
could promote representativeness, though 
increase logistical challenges. 

Participants could, where possible, be 
recruited from nationally organized fo- 
rums (themselves with members recruited 
through stratified random sampling) on 
specific aspects of genome editing. This of- 
fers the advantage that citizens would join 
the global process with considerable knowl- 
edge and experience. A hundred or more 
citizens would bring to bear all kinds of rel- 
evant local knowledge and different world- 
views. They would meet over a week or 
more, hear presentations from experts and 
advocates, deliberate among themselves in 
small groups (each of which would have 
a facilitator) then in plenary session, and 
produce a report that summarized key con- 
cerns and recommendations. There would 
be an advisory committee with members 
from relevant interests and expert commu- 
nities, ensuring that participants receive 
balanced information. 

What would a global citizens’ assembly 
do? Like any such body, it would need an 
initial charge: possibly, “Should there be 
global principles for the regulation of ge- 
nome editing technologies?” Assuming 
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the assembly felt there ought to be such 
principles (rather than defer to national 
variety), it would then consider their con- 
tent. There is generally a place for univer- 
sal principles in global governance, even 
if they are implemented nationally. Think 
of the Sustainable Development Goals, ap- 
plying universally, implemented nationally. 
The assembly would not address the local 
content of applications, such as gene edit- 
ing research involving human embryos in 
the United Kingdom. Although we cannot 
predict what principles the assembly would 
highlight, one might specify from whom 
and in what terms co-design of field trials 
(with participation by those who stand to 
either gain or lose) is needed in light of the 
risk that wealthy actors may use develop- 
ing countries as sites for the field testing of 
technologies (such as gene drive technol- 
ogy to kill pests). Another might be genome 
editing justice: How should we think about 
the allocation of scarce resources given that 
some applications may benefit a small num- 
ber of the relatively wealthy (for example, 
gene drives for lyme disease) whereas oth- 
ers may benefit large numbers of the poor 
(for example, gene drives for malaria)? 

The citizens’ assembly would not legis- 
late; its report would have no standing in 
international law. However, for good rea- 
sons that the assembly would make public, 
it should help shape what happens next. The 
idea is to inspire a more effective response 
in global institutions [notably, the UN Food 
and Agriculture Organization (FAO) and the 
WHO], national governments, civil society, 
and the private sector. The report would be 
a first draft of informed global public opin- 
ion regarding genome editing. Here, public 
opinion can be defined not in terms of unre- 
flective mass responses to survey questions, 
but as a provisional and dynamic outcome 
of inclusive and competent public discourse 
supported by evidence-based science that 
connects to public values. 

Who should fund and organize the as- 
sembly? Funding should come from inde- 
pendent bodies with no material stake in 
the technology. International organizations 
such as the WHO and FAO would be ap- 
propriate, as would foundations. National 
(and European Union) research councils 
could contribute on the grounds of social 
scientific research questions, including test- 
ing the deliberative capacities of the global 
citizenry. We can be more specific about or- 
ganizations that have the necessary capac- 
ity, neutrality, and experience in running 
citizen deliberation. A consortium under 
construction includes Missions Publiques 
and the Danish Board of Technology (both 
of which have run large multinational pro- 
cesses), Involve (UK), the ECAST (Expert 
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and Citizen Assessment of Science and 
Technology) network of academics and 
practitioners (U.S.), and institutes such 
as the Centre for Deliberative Democracy 
and Global Governance at the University 
of Canberra, and School of Population and 
Public Health at the University of British 
Columbia. This networked expertise puts 
the consortium in a position to make pre- 
cise and implement what others have only 
called for in very general terms. 

What kind of influence should the assem- 
bly seek? A citizens’ assembly that met im- 
mediately prior to, say, global negotiations 
organized by the United Nations would be 
in a good position to influence those nego- 
tiations (think of the public consultations 
that preceded negotiation of the Sustainable 
Development Goals in 2015). But delibera- 
tive democracy requires larger publics to 
be active, so equally important is the role 
of the assembly in stimulating broader in- 
formed participation. Its activities and con- 
clusions would be witnessed, publicized, 
and amplified through documentary film, 
social media, and the more traditional me- 
dia. This suggests that appropriate timing 
would be early in the life of the issue’s pres- 
ence on the global agenda. 


THREE ESSENTIAL REASONS 

There are three essential reasons why a 
global citizens’ assembly on genome edit- 
ing would be a good idea. The first concerns 
the legitimacy of any collective decisions 
in global governance. Public confidence in 
technologies and their application can be 
secured by public participation in decisions 
about the regulation of those technologies. 
At the global level, legitimacy cannot be se- 
cured through elected representation, which 
is unavailable. There is increasing awareness 
of the benefits of linking citizen delibera- 
tions to wider public debate as a way of fa- 
cilitating conditions for the public to come 
to terms with the issue and create trust with 
experts and decision-makers (1/7). Evidence 
shows that nonparticipants can more read- 
ily trust their deliberating fellow-citizens 
than politicians. For issues that are not yet 
on the public radar, citizens’ assemblies pro- 
vide mechanisms for anticipating considered 
public responses that would only otherwise 
occur well after implementation of technolo- 
gies, when public outcry can be costly and 
disruptive (72). 

The second reason concerns the current 
disconnect between expertise and public 
values (13). As it stands, public views on ge- 
nome editing (whether applied to humans, 
animals, or plants) are generally not well 
formed, mainly owing to the novelty and 
highly technical nature of the issues involved. 
Those who do have well-considered views 
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are often highly knowledgeable, but knowl- 
edge does not imply a warrant to make value 
judgments for a broader public, or impose 
framings of issues on a public that might be 
amenable to competing frames. Sometimes 
those with considered views are perceived 
as embedded in specific interests (be it as 
health care professionals, scientists, corpora- 
tions, or activists) and accompanying fram- 
ings that may constrain their ability to reflect 
on broad public interests. Good deliberation 
remedies this disconnect through produc- 
tive integration of scientific knowledge, lay 
knowledge, and public values, meaning that 
specialists can learn about broader publics, 
and publics can learn about expert framings. 
Two decades of national-level experience 
on complex risk-related issues shows that 
citizens’ forums are an effective vehicle for 
this vital integration of science and society. 
Citizens’ forums can also help develop public 
values on distinctive issues such as genome 
editing, where opinions and framings have 
yet to solidify, thus further contributing to 
anticipatory governance. Without such val- 
ues, it is not obvious what public need the 
technology would be serving. 

The third reason concerns the generation 
of a much-needed kind of considered input 
into governmental decisions, about detailed 
applications no less than broad questions 
about whether or not to pursue the technol- 
ogy. Aside from introducing previously mar- 
ginalized perspectives, evidence shows that a 
well-designed process involving lay citizens 
can bring reflective judgment to bear in a 
way that stakeholders, activists, and politi- 
cians may not (because they are too invested 
in advocacy). In a jury trial, we trust lay ju- 
rors to reach a reflective judgment based on 
what they hear from advocates on both sides 
of a case. Similarly, citizens’ forums can ef- 
fectively judge the merits of different sides. 
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In Oregon, the Citizens’ Initiative Review 
provides considered assessment of the best 
arguments for and against referendum mea- 
sures (such as one on labeling of genetically 
modified food) which are often not the argu- 
ments that advocates for both sides stress. 
We might expect scientists and ethicists also 
to be better than stakeholders, activists, and 
politicians when it comes to reflective judg- 
ment. But though we might expect scientists 
to be good at reflecting on scientific values, 
their role gives them no special insight on the 
public interest. Ethicists are professionally 
capable when it comes to moral principles— 
but these are not necessarily the same as pub- 
lic values. Citizens’ forums also prove good at 
creatively identifying courses of action that 
meet the main concerns of different sides. 

A global citizens’ assembly would not rep- 
licate existing international consultations. 
The pattern of self-appointed representa- 
tion from global civil society (dominated 
by NGOs from wealthy countries) is highly 
incomplete, especially in representing the 
marginalized and poor. Random selection 
yields more cognitive diversity than self-ap- 
pointment. This diversity can be harnessed 
in deliberative interaction to yield epis- 
temic problem-solving gains. Interacting 
NGOs and organized interests usually pro- 
duce compromise; interacting citizens are 
more likely to produce reasoned outcomes 
whose typically high level of agreement on 
content can be open to far-reaching options 
(see the 2020 French Convention Citoyenne 
pour le Climat). Deliberating citizens can 
find ways around impasses_ bedeviling 
experts and advocates, as demonstrated 
for solar geoengineering governance in a 
process organized by the Consortium for 
Science, Policy and Outcomes in 2018. Any 
persistent disagreement will illuminate 
contextual and cultural differences. 
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The three reasons will hold to the degree 
the citizens’ assembly is well designed, draw- 
ing on evidence about what works and what 
doesn’t. Fortunately there is an extensive 
body of empirical research to draw upon: 
on the impact of different facilitation styles 
on equality of participation; on the best way 
to generate principles to govern interaction 
within the assembly; on the optimal num- 
ber of deliberating citizens in small groups; 
on the time (normally at least 2 or 3 days) 
needed for citizens to learn, reflect, clarify 
disagreements, and crystallize preferences; 
on the best way to conduct stratified random 
sampling; on the importance of gravitas in 
inducing selected citizens to accept invita- 
tions to participate; on the importance of 
citizens’ perception of the impact of the fo- 
rum; and on the most appropriate form of 
the final report (notably the degree to which 
it should contain reasons rather than simply 
conclusions or votes) (J4). 

Critics of public engagement worry that it 
can be used subtly to build support for ex- 
isting policies by not challenging dominant 
framings. In health policy, citizens’ forums 
have been designed and introduced to ad- 
dress such criticisms, by enabling deeper 
scrutiny of the implications of scientific find- 
ings, by broadening the kind of rationales 
for action that can be contemplated, by scru- 
tinizing the meaning of the public interest, 
by being more inclusive of different forms 
of reasoning, and by avoiding overly nar- 
row framings of issues (15). Citizens’ forum 
conclusions can contravene existing govern- 
ment policy; on genome editing, there is cur- 
rently something of a policy void, so it is not 
obvious what a dominant policy framing is 
to begin with. Still, organizers and facilita- 
tors should take care that powerful framings 
(such as the idea that technical expertise is 
more important than local knowledge) are 
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not taken as given, and are open to chal- 
lenge. Worries about lack of impact can be 
assuaged by fostering strong connections 
with relevant governmental bodies in ad- 
vance of the deliberative process. 


MORE THAN JUST “CHECKING THE BOX” 
What are the limitations? A global citizens’ 
assembly would in the first instance offer a 
snapshot, only dealing with the issues as pre- 
sented by the state of the science at one time. 
However, it would be possible to re-convene 
global assemblies periodically (with different 
citizen participants) to refine or reconsider 
principles. A more continuous conversation, 
which could include how principles identi- 
fied by the citizens’ assembly should apply, or 
might need to be re-thought in light of subse- 
quent scientific developments, could be sup- 
plied elsewhere (8). Our proposal could also 
be joined to any more authoritative interna- 
tional institutions that develop, as well as to 
subsequent national deliberative processes. 

A global citizens’ assembly should do 
much more than simply check a “public par- 
ticipation” box. It would be the beginning of 
more effective global public deliberation, not 
its end, informing wider publics as much as 
the process of decision-making. If the global 
community is serious about public participa- 
tion on genome editing, it is time to move 
beyond the rhetoric. Robust, legitimate, dem- 
ocratic, and effective action drawing on les- 
sons from existing practice is possible, and it 
is time to move in this direction. 
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Why the West is WEIRD 


Catholicism’s policy forbidding cousins to wed may have 
led to the distinctive characteristics of Western society 


By Pauline Grosjean 


few years after the end of Tajikistan’s 

half-decade-long civil war, I was on 

an assignment in the former Soviet 

republic and announced my inten- 

tion to purchase vegetables at the 

market. My local friends scoffed. “It’s 
impossible,” they said. “You have no cousins 
at the market. People will sell you a poison 
tomato.” The poison tomato, I learned, was 
a wilted tomato made to look fresh by in- 
jecting it with water (usually from a nearby 
sewer). As Joseph Henrich recounts in his 
new book, The WEIRDest People in the 
World, the Tajik civil war—which pitted 
clan against clan and, sometimes, neighbor 
against neighbor—resulted in a collapse 
of trust that made people more suspicious 
of nonrelatives. 

This trajectory is puzzling, as it contrasts 
sharply with political development in Western 
Europe. There, conflict and intergroup 
competition paved the way for strong and 
democratic states. So what accounts for the 
difference between these two groups? 

War’s impact on cultural and institutional 
evolution, Henrich argues, depends on 
preexisting conditions, especially people’s 
psychological dispositions. In Europe, 
after the collapse of the Carolingian 
Empire, clans had been destroyed by the 
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Roman Catholic Church, and people were 
already infused with a sense of universal 
morality. War further deepened their 
commitments to voluntary associations, 
such as universities, merchant guilds, and 
monasteries. It also reinforced Christian 
norms and motivated greater contributions 
to the public good, igniting the perpetuation 
of liberal values and strong impersonal states. 

Henrich’s argument is_ that 
Catholicism, by forbidding cousin 
marriage, enabled Europe to escape 
the “tyranny of cousins” (J). More 
importantly, he argues, it explains 
how—in the process—Western 
Europeans became “WEIRD” 
(Western, educated, industrialized, 
rich, and democratic). 


tue WEIRDest 
PEOPLE IN THE WORLD 


Forbidding cousin marriage weakened familial bonds, 
creating a psychologically distinct culture. 


how institutional development feeds back 
into psychology. Citing data from his own 
research, he argues that religion not only 
enhances prosociality, enables the provision 
of public goods, and can legitimize political 
institutions but also shapes our cognition 
by, for example, making us think about 
moral universals. 

The third section of the book focuses on 
how Catholicism, and later Protestantism, 
shaped institutions and psychology. Unlike 
other religions, Catholicism historically 
forbade cousin marriage and _ affinal 
remarriage (for example, marrying an in- 
law after the death of one’s spouse), limited 
adoption, and _ encouraged individual 
ownership. By doing so, the Church 
managed to break what was, and remains, 
the biggest threat to states, the largest 
hurdle to the development of impersonal 
markets, and the greatest inhibitor of 
individualism: clannishness. 

But how and why did the Church home 
in on cousin marriage prohibition? And 
why did some people and not others adopt 
and convert to Catholicism (and later 
Protestantism)? Henrich describes how 
ecological endowments shape _ people’s 
psychology and can make them more likely 
to adopt certain norms and institutions, but 
he never specifically applies this argument 
to the reasons Western Europeans adopted 
Catholicism in the first place. He does, 
however, suggest that the Europeans’ 
propensity for late marriage was 
a consequence of the Church’s 
marriage prohibitions. This is 
inconsistent with the evidence that 
there has been much variation over 
time in the age at marriage and 
also the fact that it dropped sharply 
when 19th-century Europeans 
migrated to the colonies of the 


The first part of the book The WEIRDest United States or Australia, where 
describes WEIRD people in oe a land was much more abundant. 
broad strokes, painting them Soe rik and Giroux, Another point that Henrich 
as individualistic, often guilty 2020. 704 pp. does not address is the role 
but never ashamed, patient, that states may have played 
hardworking, achievement oriented, | as competitors and regulators of the 


and trusting of strangers. Here, Henrich 
provides a _backhanded criticism of 
the field of psychology, which claims 
to uncover how humans make choices, 
while relying mainly on WEIRD subjects. 
(Ironically, Henrich notes, the desire to 
uncover universal truths is another trait 
commonly seen in WEIRD people.) 

The second part of the book provides 
a comparative political account of how 
societies scale up from families to states. 
Here, Henrich adds a twist, describing 
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Church. In many parts of Africa and the 
Pacific, where states are weak, Catholic 
and Protestant churches are as successful 
as they are nepotistic and corrupt. What 
accounts for this difference? I will continue 
to follow Henrich’s work and avidly await 
the answer. 
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SCIENCE LIVES 


A case study of Oliver Sacks 


Interviews and archival footage paint a tender portrait of neurology’s greatest storyteller 


By Laura J. Snyder 


’m an inveterate storyteller,’ confesses 
the celebrated neurologist and writer 
Oliver Sacks at the start of Oliver Sacks: 
His Own Life. “TI tell many stories, some 
comic, some tragic.” Tales of both types 
abound in this elegiac yet lighthearted 
film based on director Ric Burns’s interviews 
with Sacks and his friends, colleagues, family 
members, and patients in the months before 
and after the physician’s death in 2015 at the 
age of 82. The result is a vivid portrait of an 
ebullient, provocative, brilliant man who 
transformed the practice of medicine and 
spearheaded the neurodiversity movement. 
Born into an upper-middle-class Jewish 
family in northwest London in 1933, Sacks 
was the youngest of four sons. He was an 
outsider: one of only three Jews at his elite 
prep school; a gay adolescent at a time when 
gay sex was illegal; an introverted, dreamy, 
chemistry-obsessed boy in a family of accom- 
plished physicians. His father was a general 
practitioner who made house calls, and his 
mother was one of the first female surgeons 
in England. His two eldest brothers were 
already studying medicine when he was in 
high school. 
Sacks dutifully followed his expected ca- 
reer path and was drawn to neurology when 
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his third brother, Michael, developed schizo- 
phrenia. But after completing medical train- 
ing, Sacks fled the homophobic confines of 
his nation and family—his mother had called 
him “an abomination.” Paul Theroux tells 
Burns that Sacks’s “great luck” was ending 
up in Los Angeles in 1960, where he found 
ample “guys, weights, drugs, and hospitals.” 

“T liked pushing myself to the maximum,” 
Sacks shrugs. This meant motorcycling all 
night at top speed to reach the Grand Canyon, 
500 miles away, by sunrise; squat lift- 


be found going deeply into human lives.” 

In 1966, Sacks was working in the Bronx at 
the Beth Abraham Hospital, home to 80 sur- 
vivors of the encephalitis lethargica (“sleepy 
sickness”) pandemic of the 1910s and 1920s. 
Listening to nurses who believed there were 
intact minds and personalities behind bod- 
ies locked in “suspended animation,” he 
boldly administered the new drug levodopa. 
Super-8 footage reveals the thrilling result: 
an incredible awakening as the patients 

burst into life, dancing, joking, and 


ing 600 pounds for a California state —=—™—™—NNN «singing. Tragically, most developed 
record; bingeing food; and swallow- Oliver Sacks: side effects so debilitating that they 
His Own Life 


ing fistfuls of amphetamines. Images 
of a buff Sacks during his bodybuild- 
ing years contrast with his admission 
that he was “playing with death.” By 
the early 1970s he had given up both drugs 
and sex, remaining celibate for 35 years be- 
fore falling deeply in love with writer and 
photographer Bill Hayes. 

As a bench scientist, Sacks was a disas- 
ter, losing the myelin he had spent months 
extracting from earthworms and helplessly 
watching his lab notes blow off his motor- 
cycle. He found his métier as a clinician. 
Drawn to patients with severe neurological 
disorders—outsiders like himself—he saw 
them as individuals, not merely diseased 
brains. He spent hours conversing with 
them, trying to understand what it was 
like to live with their conditions. Surgeon 
and writer Atul Gawande describes Sacks’s 
impact on the medical profession as show- 
ing it that there are important “truths to 


Sacks’s verve and curiosity remained strong, even as his time on Earth drew short. 
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Ric Burns, director 
Vulcan Productions, 
2020. 114 minutes. 


discontinued the medicine, sinking 
back into frozen states. 

The medical establishment, skepti- 
cal of his results, refused to publish 
his reports; Sacks’s frustration at this refusal, 
45 years later, is still palpable. He shared the 
story of these patients in his book Awakenings 
(1973). The appearance of Penny Marshall’s 
1990 movie version cemented Sacks’s celeb- 
rity, to both his delight and discomfort. 

In his work, Sacks adopted the case study 
or medical narrative approach, combining bi- 
ography and biology in detailed discussions of 
individual patients. Other neurologists con- 
sidered these studies unscientific and merely 
anecdotal. But not all science is statistical; ob- 
servational science is science, too. 

Sacks considered himself a fieldworker 
providing facts to neuroscientists develop- 
ing new theories of consciousness. Sacks’s 
observations, Christof Koch tells Burns, were 
integral to Koch’s understanding of the rela- 
tion between different parts of the brain and 
specific aspects of vision, including how we 
perceive the flow of time. 

Sacks’s case studies also undermined stereo- 
types of people with neurological differences. 
Autism activist Temple Grandin recounts that 
“[t]hey used to say that people on the autism 
spectrum had no inner world.” But by taking 
the time to get to know Grandin and others 
with autism, Sacks disproved this: “He got in- 
side my emotions in a way no one else did.” 

The film ends with Sacks and friends gath- 
ered in his apartment, raising glasses of wine 
with the Yiddish toast “l’chaim,” to life. This 
riveting and poignant documentary, which 
launches virtually on the Kino Marquee plat- 
form on 23 September, is Sacks’s final case 
study—and a celebration of the life of a re- 
markable man. 
10.1126/science.abb2944 
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Thousands of Black-tailed godwits (Limosa limosa) passing through Portugal’s Tagus estuary would be disrupted by flight paths to Lisbon’s new airport. 


Edited by Jennifer Sills 


Portugal’s airport plans 
threaten wetlands 


In December 2019, the European 
Commission announced The European 
Green Deal, a plan to facilitate a transition 
to sustainability with the goal of making 
Europe climate neutral by 2050 (1). Green 
Deal objectives include preserving and 
restoring biodiversity and reducing net 
emissions of greenhouse gases (1). The EU 
Parliament adopted a resolution support- 
ing these environmental goals in January 
(2). Lisbon, Portugal’s capital, has been 
designated the European Green Capital 
2020 for spearheading sustainability 
efforts (3). However, Lisbon’s airport has 
reached capacity, and plans to build an 
additional airport are at odds with Green 
Deal objectives. 

The proposed location for the new 
airport is a peninsula at the heart of the 
Tagus estuary (4), a vast coastal wetland 
of key importance for breeding, wintering, 
and passing migratory birds in the East 
Atlantic Flyway (5, 6). This wetland is a 
major hub linking Palearctic and Nearctic 
breeding areas with Afro-tropical wintering 
areas for an estimated 300,000 waterbirds 
and many other migratory bird species. 
The region is protected under national 
legislation, EU directives, and interna- 
tional conventions (5-7). However, the 
privately funded proposed airport received 
an environmental license in early 2020 
(8), and, despite the aviation sector facing 
unprecedented reductions in activity due 
to the coronavirus disease 2019 (COVID-19) 
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pandemic (9), the Portuguese government 
reiterated in July its intentions to go for- 
ward with this new infrastructure (10). 

By expanding its airport capacity, this 
EU member state will deliver a nega- 
tive contribution toward climate targets 
by neither retiring nor halting new 
infrastructure (11), as well as threaten 
biodiversity through negative, permanent, 
and irreversible effects on bird species in 
an EU-designated protected area. These 
species already face massive declines glob- 
ally [(e.g., (12)]. We urge the Portuguese 
government and the European Union to 
put the Green Deal into action by aban- 
doning this project. 
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Systemic racism 
in higher education 


The nexus of Black Lives Matter protests 
and a pandemic that disproportionately 
kills Black and Latinx people (J) highlights 
the need to end systemic racism, including 
in science, technology, engineering, and 
mathematics (STEM), where diversity has 
not meaningfully changed for decades (2). 
If we decry structural racism but return 
to the behaviors and processes that led us 
to this moment, this inexcusable stagna- 
tion will continue. We urge the Academy 
to combat systemic racism in STEM and 
catalyze transformational change. 
Everyone in academia must acknowl- 
edge the role that universities—faculty, 
staff, and students—play in perpetuating 
structural racism by subjecting students of 
color to unwelcoming academic cultures 
(3). Universities are not level playing fields 
where all students have an equal opportu- 
nity to participate and succeed. The misuse 
of standardized tests such as the GRE 
excludes students who could have otherwise 
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succeeded (4). Once admitted, Black, 
Indigenous, and people of color (BIPOC) face 
challenges when transitioning to college life 
(5) and are more likely to be nontraditional 
students. Innovative pedagogies (6) and pro- 
grams (7) can overcome these challenges but 
are not widely applied in higher education. 
Evidence-based, institution-wide approaches 
focused on equity in student learning are 
foundational to eliminating structural rac- 
ism in higher education. Once we abandon 
the view of “fixed” student ability, more 
BIPOC students will succeed (8). 

Academic culture also fails BIPOC 
faculty, who receive fewer federal grants 
due to systemic bias (9) and topic area (0). 
BIPOC faculty are most likely to invest 
substantial time in activities that promote 
diversity, which are devalued in the tenure 
and promotion process (17). BIPOC faculty 
are further disadvantaged in tenure deci- 
sions through cultural taxation of unequal 
service and mentoring demands. Given 
these burdens, BIPOC faculty cannot 
be expected to be the primary agents of 
institutional change. Instead, those most 
empowered to make change—non-BIPOC 
faculty—must join BIPOC faculty in their 
efforts to prioritize recruiting, supporting, 
and championing diversity. 

Finally, the false dichotomy of “excel- 
lence or diversity” must end. Diversity 
results in better, more impactful, and more 
innovative science (12), and it is essential 
to building novel solutions to challenges 
faced by marginalized and nonmarginal- 
ized communities. Catalyzing these culture 
shifts in the Academy, however, will 
require making tenure dependent on excel- 
lence in research, teaching, and service 
that centers on equity and inclusion. 

Making STEM equitable and inclusive 
requires actively combating racism and 
bias. All faculty, staff, and students should 
commit to learning about racism, engaging 
in courageous conversations with non- 
BIPOC colleagues, and calling out unfair 
practices to prevent the normalization of 
discriminatory behavior. Faculty should 
examine courses for ethnicity and gender 
performance disparities, ask whether depart- 
mental and lab demographics reflect society 
at large, and actively remedy any disparities. 

Breaking down the barriers of systemic 
racism in STEM and achieving the promise 
of diversity, equity, and inclusion in STEM 
require unwavering dedication and real 
work. It is time to make the commitment to 
be an agent of change. 
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University-pharmacy 
partnerships for COVID-19 


The global coronavirus disease 2019 
(COVID-19) pandemic has accelerated 
epidemiologic data collection and report- 
ing to a scale that has never before been 
achieved (J). Both data volume and 
segmentation have grown enormously, 
with granularity of data to track infection 
now available at the county level or below 
(2). Years of disinvestment in U.S. public 
health infrastructure (3) have resulted in 
the immediate need for new mechanisms 
to support micro-epidemiologic efforts. 
Universities and community pharmacies, 
both trusted institutions with established 
infrastructure, are uniquely positioned to 
facilitate micro-epidemiologic efforts by 
creating partnerships (4). 

Micro-epidemiology has been used to 
track the spatial and temporal prevalence 
of infection in distinct communities (5). 
Coupled with longitudinal testing, micro- 
epidemiology serves as a sentinel for viral 
emergence and evolution (6), which can 
be applied to the COVID-19 pandemic. 
Harnessing the established infrastructure 
of community pharmacies enables coordi- 
nation of appropriate testing, tracing, and 
isolation in these communities. 

Ninety percent of U.S. residents live 
within 5 miles of a pharmacy, and in some 
underserved communities, pharmacists 
are the only health care provider (7). 
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Community pharmacists are pillars of their 
communities with trusted connections 
with patients (4). Pharmacists are trained 
and authorized to order and administer 
COVID-19 testing (8) and have widespread 
authority to administer vaccinations (9). In 
addition, increasing numbers of pharma- 
cists are participating in practice-based 
research networks (PBRNs) (J0), which 

are designed to improve community-based 
health care by providing higher-quality 
chronic disease management. 

University-community pharmacy 
partnerships follow the PBRN paradigm 
and harness the strengths of both institu- 
tions. Community pharmacies provide 
a geographically distributed network of 
accessible health care professionals and 
can serve as nodes for patient recruit- 
ment, whereas the university serves as 
a logistical and research hub to pro- 
vide testing, reporting, contact tracing, 
educational resources, and the research 
infrastructure required to facilitate such 
studies. The University can also provide 
research personnel capable of managing 
these efforts, allowing the pharmacists to 
prioritize patient care. 

The U.S. Centers for Disease Control 
and Prevention has recommended that 
health departments leverage community 
pharmacy partnerships to improve public 
health emergency response (11, 12). We call 
on schools of pharmacy and public health 
to forge new relationships and leverage 
existing partnerships with community 
pharmacies to meet the current critical 
need to understand and mitigate COVID-19 
and prepare for future pandemic response. 
Vincent J. Venditto'*, Brooke Hudspeth’, Patricia R. 
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Modern horses in Anatolia, such as this wild herd, are descended from ancestors introduced from outside the region. 


Inosine modulates 
antitumor immunity 


Checkpoint blockade immuno- 
therapy harnesses the immune 
system to kill cancer cells and 
has been used with great suc- 
cess to treat certain tumors, but 
not all cancer patients respond. 
The efficacy of checkpoint 
blockade immunotherapy has 
been shown to depend on the 
presence of distinct, beneficial 
bacteria residing in the gut of 
patients, but how the microbi- 
ome mediates such beneficial 
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effects is unclear. Mager et al. 
found that specific bacteria 
produce a metabolite called 
inosine that enhances the effect 
of checkpoint blockade immu- 
notherapy (see the Perspective 
by Shaikh and Sears). In mouse 
models, inosine, together 
with proinflammatory stimuli 
and immunotherapy, strongly 
enhanced the antitumor capaci- 
ties of T cells in multiple tumor 
types, including colorectal 
cancer, bladder cancer, and 
melanoma. —PNK 

Science, this issue p. 1481; 

see also p. 1427 


How ribosomes are made 
The formation of eukaryotic 
ribosomes is a complex process 
that starts with transcription 

of a large precursor RNA that 
assembles into a large 90S 
preribosome, which matures 

to finally give the 40S small 
subunit of the ribosome. Cheng 
et al. and Du et al. give insight 
into this process, using cryo— 
electron microscopy to look at 
intermediates along the path- 
way. Together, these studies 
reveal how a cast of molecular 
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players act to coordinate the 
compositional and structural 
changes that transform the 90S 
preribosome into a pre-40S 
subunit. —VV 

Science, this issue p. 1470, p.1477 


Amess of plastic 

It is not clear what strate- 

gies will be most effective in 
mitigating harm from the global 
problem of plastic pollution. 
Borrelle et al. and Lau et al. 
discuss possible solutions and 
their impacts. Both groups 
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found that substantial reduc- 
tions in plastic-waste generation 
can be made in the coming 
decades with immediate, con- 
certed, and vigorous action, but 
even in the best case scenario, 
huge quantities of plastic will 
still accumulate in the environ- 
ment. —HJS 

Science, this issue p. 1515, p. 1455 


Nature of the molecule- 
surface encounter 


Adsorption is an important 
initial step in all heterogeneous 
chemical processes. However, 
detailed adsorption dynamics 
are complex and challenging to 
follow experimentally. Using the 
fact that vibrationally excited 
carbon monoxide molecules 
can be trapped on the Au(111) 
surface with all degrees of 
freedom being equilibrated 
except the vibrational ones, 
Borodin et al. show that the 
vibrational relaxation time can 
serve as an internal clock to fol- 
low the microscopic pathways 
of adsorption and equilibration 
on the surface. On the basis of 
molecular beam experiments 
and theoretical modeling of 
this prototypical system, the 
authors reveal the intricate 
interplay between physisorp- 
tion and chemisorption states. 
These observed characteristics 
are relevant to many other het- 
erogeneous systems. —YS 
Science, this issue p. 1461 


Supercooled water 
structures 


Water displays a number of 
anomalous properties that are 
further enhanced in its super- 
cooled state, but experimental 
studies at ambient pressure 
must obtain data before the 
onset of rapid crystallization 

at temperatures below ~240 
kelvin. Kringle et al. obtained 
infrared spectra of supercooled 
water films at temperatures 
between 135 and 235 kelvin that 
formed for a few nanoseconds 
by ultrafast heating and cooling. 
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Supercooled water thermally 
equilibrates before crystal- 
lization above 170 kelvin, and 
over the range of temperatures 
studied, the structure of water 
was shown to be a linear com- 
bination of a high-density anda 
low-density liquid. —PDS 
Science, this issue p. 1490 


Complex stellar winds 
from evolved stars 


Stars less than eight times the 
mass of the Sun end their lives 
as planetary nebulae, structures 
of ionized gas thrown off by the 
star and heated by the exposed 
stellar core. Planetary nebulae 
are often bipolar in shape or 
contain complex morphological 
features such as rings or spirals. 
Decin et al. observed the stellar 
winds of 14 stars during their 
asymptotic giant branch (AGB) 
phase of stellar evolution, which 
immediately precedes the plan- 
etary nebula phase. They found 
morphologies in the AGB winds 
similar to planetary nebulae 
and demonstrated that they are 
produced by the influence of a 
binary companion on the AGB 
wind. —KTS 

Science, this issue p. 1497 


PD-1 keeps immune and 
tumor cells apart 


When cytotoxic T cells enter 
tumors and become tumor- 
infiltrating lymphocytes (TILs), 
they lose their ability to kill 
target tumor cells. TILs in this 
state express inhibitory recep- 
tors, including programed cell 
death protein-1 (PD-1), which 
are engaged in the tumor envi- 
ronment. Ambler et a/. found 
that the suppressed cells had 
impaired cytoskeletal rear- 
rangements and a decreased 
ability to form productive con- 
tacts with their targets. Blocking 
PD-1 signaling in vivo, but not 
in vitro, reversed these defects, 
stabilized the interactions 
between tumor cells and TILs, 
and improved cell killing. —JFF 
Sci. Signal. 13, eaau4518 (2020). 
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IMMUNOLOGY 


NK cell nanotubes 
to the rescue? 


uring pregnancy, maternal decidual 

natural killer (dNK) cells maintain fetal 

tolerance while simultaneously fighting 

placental infection. How this happens 

is unresolved. Crespo et al. report that 
dNK cells could treat Listeria monocytogenes— 
infected fetal cells by selectively transferring 
granulysin (GLNY), but not granzymes or per- 
forin, to fetal cells through cytoplasmic bridges 
called nanotubes. Transfer of GLNY inhibited 
the pathogen without harming placental } 


trophoblasts. Moreover, transgenic mice over- 
expressing human GLNY were protected from L. 
monocytogenes-—induced miscarriage. This Work 
provides insight into how the maternal immune 
system protects the fetus from pathogens, 
which may help to improve pregnancy out- 


comes after mother-to-offspring transmission 
of infection. —STS Cell 182, P1125 (2020). 


The bacterial pathogen Listeria monocytogenes, shown here in 
acolored scanning electron micrograph, can be cleared from 
the placenta by specialized immune cells without risk to the fetus. 


Encouraging 
results for ALS 


Amyotrophic lateral sclero- 

sis (ALS) is a motor neuron 
degeneration disorder that 
leads to progressive muscle 
loss. There are limited therapies 
to treat ALS patients. Paganoni 
et al. report a phase 2 random- 
ized, placebo-controlled trial 
involving 137 ALS patients, 89 
of whom were treated with 

the combination of sodium 
phenylbutyrate plus taururso- 
diol. This combination has been 
shown to reduce neuron death 
and features of neurodegenera- 
tive diseases (including ALS) in 
preclinical models. This small 
trial, which treated patients for 
3 weeks and monitored their 
progress for 24 weeks, found a 
modest reduction in functional 
decline in patients receiving the 
combination therapy. This is an 
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encouraging finding, and larger 
trials testing more patients over 
a longer period are expected. 
—GKA 

N. Engl. J. Med. 383, 919 (2020). 


Clonable EM labeling 


Widespread use of the green 
fluorescent protein for protein 
localization at the light micros- 
copy level has revolutionized 
cell biology. The search for a 
similar genetically encoded 
label for electron microscopy 
(EM) that could raise the reso- 
lution to the single-molecule 
level has not yet been success- 
ful. Jiang et al. developed a 
method for synthesizing 2- to 
6-nm-diameter gold nanopar- 
ticles directly and specifically 
on individual cysteine-rich tags. 
This enables the unambigu- 
ous visualization of genetically 
tagged proteins in bacterial, 
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yeast, and mammalian cells 
with single-molecule resolu- 
tion. This approach holds 
promise in circumventing the 
difficulties of conventional EM 
immunolabeling and enables 
biologists to probe the ultra- 
structure of cells with greater 
ease. —DJ 


Nat. Methods 17, 937 (2020). 


ECOLOGY 
A tipping point to a 
carbon sink 


The ability of soils to act as 
carbon sinks has tended 

to diminish under current 
climate change conditions 
and from other anthropogenic 
influences. More rarely, the 
reverse can be true. Milner 
et al. sampled cores from an 
upland peatbog site in Wales, 
revealing a tipping point in 
the late 19th century, when 
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peat loss through erosion 
switched to peat accumula- 
tion through revegetation. 
Since then, 5 to 10 kilograms 
of carbon per square meter 
has accumulated. The causes 
of this flip are uncertain and 
may reflect a combination of 
shifts in grazing and mining 
activity in the region, as well 


4 EM, ee oy: 


Peat bogs, like these once severely eroded examples, can recover their carbon storage function if allowed to revegetate. 


as geomorphological changes. 
This work may hold lessons 
for promoting carbon sinks in 
peatlands more widely. -AMS 
J. Ecol. 10.1111/1365-2745.13453 
(2020). 


ATMOSPHERIC MIXING 
Anti-aging scheme 
The air of the lower strato- 
sphere in the Southern 
Hemisphere has been getting 
younger since 1994. Strahan 
et al. report measurements 
of atmospheric HNO, and 
HCl showing that changes 
in the transport circulation 
between the troposphere and 
stratosphere in the Southern 
Hemisphere are decreasing 
the age of its stratospheric 
air, whereas the age of 
its Northern Hemisphere 
counterpart is not declining. 
Understanding and quantify- 
ing the processes behind this 
differential aging is important 
for modeling how the protec- 
tive stratospheric ozone layer 
will evolve in the future. —HJS 
Geophys. Res. Lett. 47, 
e2020GL088567 (2020). 


MATERIALS SCIENCE 
Leather-based 


radiation shield 


Shielding the human body 
from x-rays frequently requires 
heavy materials, which often 
have poor mechanical proper- 
ties. Wang et al. developed a 
lightweight and flexible x-ray 
shielding material made of 
leather treated with a solution 
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of radiation-absorbing metals. 
This “retanning” process is 
inexpensive and produces a 
radiation-blocking, flexible 
material. One potential applica- 
tion is replacing the heavy and 
uncomfortable lead aprons 
used for x-ray shielding in the 
medical field. -BG 

Adv. Mater. Technol. 10.1002/ 

admt.202000240 (2020). 


PHYSICS 


Magnons in 2D 
Layered magnetic materials 
such as Crl, can be thinned 
to the two-dimensional (2D) 
limit and still exhibit magnetic 
properties. These properties 
depend on the exact number 
of layers, with monolayer and 
bilayer materials having dif- 
ferent symmetries. Cenker et 
al. studied the propagation of 
spin excitations, or magnons, 
in monolayers and bilayers 
of Crl,. They used magneto- 
Raman spectroscopy to 
observe excitations consistent 
with magnons and tracked 
their dependence on the 
magnetic field and tempera- 
ture. The optical selection rules 
extracted from these data 
agreed with theoretical predic- 
tions based on the threefold 
symmetry of the honeycomb 
crystal lattice of Crl, Because 
the material is insulating, 
the magnons are long-lived 
compared with those in metal- 
lic thin films, making this an 
attractive system for studying 
2D magnon dynamics. —JS 
Nat. Phys. 10.1038/ 
$41567-020-0999-1 (2020). 
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URBAN ECOLOGY 
Imprints of racism 


Cities create challenging envi- 
ronments for many nonhuman 
species, and the presence of 
nonhumans in cities influences 
the health and well-being of 
the humans with which they 
share the environment. Distinct 
urban conditions are created by 
landscape modification, but the 
history of this transformation is 
not equal across urban environ- 
ments. Schell et al. review how 
systematic racist practices 
such as residential segrega- 
tion, enacted in part through 
redlining, have led to an unequal 
distribution of “nature” within 
cities. These inequities continue 
to play out in both the ecological 
processes of cites and the wel- 
fare of their residents. —SNV 
Science, this issue p. 1446 


NEURODEVELOPMENT 
Insights from big data 


The billions of neurons that 
make up the adult brain are 
organized into domains and 
circuits during development. 
High-resolution measurements 
such as those enabled by single- 
cell molecular profiling have 
revealed unexpected cellular 
diversity. Genomic tools are 
lending insight into mechanisms 
behind neurodevelopmental dis- 
orders. Briscoe and Marin review 
the insights gained as big data 
analyses are applied to neurode- 
velopmental questions. —PJH 
Science, this issue p. 1447 


NEUROSCIENCE 
Magic for animals 


Magical effects such as 
sleight-of-hand and distraction 
techniques can be informative 
about human cognition and blind 
spots in perception. Can this 
psychology of magic be applied 
to animals? In a Perspective, 
Garcia-Pelegrin et al. discuss 
how some animals, especially 
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corvid birds such as magpies 
and jays, already use some 
techniques common to magic 
effects. The authors propose 
that experiments using magic 
effects with animals could reveal 
information about their cogni- 
tion and perception and may 
provide exciting insights about 
the animal mind. —GKA 

Science, this issue p. 1424 


INFLAMMASOMES 
The MTOC is 
“speck”-tacular 


Inflammasome complexes 
are formed in response to 
pathogen-associated mol- 
ecules. They initiate both the 
maturation of inflammatory 
cytokines and pyroptosis, a type 
of programmed cell death. One 
notable feature for inflamma- 
some activation is the formation 
of a single supramolecular 
punctum (or “speck”) in each 
affected cell. However, the loca- 
tion and mechanism of speck 
formation is poorly understood. 
Magupalli et a/. report that for 
NLRP3- and pyrin-mediated 
inflammasomes, their assembly 
and downstream functions occur 
at the microtubule-organizing 
center (MTOC). This process 
requires the dynein adaptor 
HDACE6, which is also a central 
player in aggresome formation 
and autophagosomal degrada- 
tion at the MTOC. This work 
links several important cellular 
processes and provides clues 
for how inflammasomes are 
efficiently regulated. —STS 
Science, this issue p. 1448 


DEVELOPMENTAL BIOLOGY 
Setting the tempo for 
development 


Many animals display similari- 
ties in their organization (body 
axis, organ systems, and so on). 
However, they can display vastly 
different life spans and thus 
must accommodate different 
developmental time scales. Two 


18 SEPTEMBER 2020 * VOL 369 ISSUE 6510 


studies now compare human 
and mouse development (see 
the Perspective by lwata and 
Vanderhaeghen). Matsuda et 
al. studied the mechanism by 
which the human segmentation 
clock displays an oscillation 
period of 5 to 6 hours, whereas 
the mouse period is 2 to 3 hours. 
They found that biochemical 
reactions, including protein 
degradation and delays in gene 
expression processes, were 
slower in human cells compared 
with their mouse counterparts. 
Rayon et al. looked at the devel- 
opmental tempo of mouse and 
human embryonic stem cells 
as they differentiate to motor 
neurons in vitro. Neither the sen- 
sitivity of cells to signals nor the 
sequence of gene-regulatory ele- 
ments could explain the differing 
pace of differentiation. Instead, 
a twofold increase in protein 
stability and cell cycle duration 
in human cells compared with 
mouse cells was correlated with 
the twofold slower rate of human 
differentiation. These studies 
show that global biochemical 
rates play a major role in setting 
the pace of development. —BAP 
Science, this issue p. 1450, p. 1449; 
see also p. 1431 


CORONAVIRUS 
Better relaxing lockdown 
together 


Even during a pandemic, all 
countries—even islands—are 
dependent in one way or 
another on their neighbors. 
Without coordinated relaxation 
of nonpharmaceutical interven- 
tions (NPIs) among the most 
closely connected countries, it 
is difficult to envisage maintain- 
ing control of infectious viruses 
such as severe acute respira- 
tory syndrome coronavirus 2 
(SARS-CoV-2). Ruktanonchai 
et al. used mobility data from 
smartphones to estimate move- 
ments between administrative 
units across Europe before and 
after the implementation of NPIs 
for coronavirus disease 2019 
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(COVID-19). Modeling disease 
dynamics under alternative 
scenarios of countries releasing 
NPIs, in particular stay-at-home 
orders, showed that if countries 
do not coordinate their NPls 
when they relax lockdown, resur- 
gence of disease occurs sooner. 
Coordination of on-off NPIs 
would significantly increase their 
effectiveness at reducing trans- 
mission across Europe. —CA 
Science, this issue p. 1465 


QUANTUM SYSTEMS 


Dressed for coherence 
Solid-state qubits based on the 
electron spin of defects in silicon 
carbide or diamond provide a 
robust and versatile architecture 
for developing quantum tech- 
nologies. The longer the lifetime 
of a spin, the more manipula- 
tions and quantum calculations 
can be performed, making 
for a more powerful quantum 
computational platform. Miao 
et al. show that by dressing 
the spins associated with the 
divacancy in silicon carbide with 
microwave photons, the lifetime 
can be extended by several 
orders of magnitude into mil- 
iseconds (see the Perspective 
by Hemmer). The technique 
effectively creates a quiet space 
for the qubit, thereby protecting 
it from magnetic, electric, and 
temperature fluctuations. This 
approach could be applicable to 
other architectures and provide 
a universal route to protecting 
qubits. —ISO 

Science, this issue p. 1493; 

see also p. 1432 


CORONAVIRUS 
Stabilizing the prefusion 
SARS-CoV-2 spike 


The development of therapeu- 
tic antibodies and vaccines 
against severe acute respira- 
tory syndrome coronavirus 2 
(SARS-CoV-2) is focused on the 
spike (S) protein that decorates 
the viral surface. A version of the 
spike ectodomain that includes 
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two proline substitutions (S-2P) 
and stabilizes the prefusion 
conformation has been used to 
determine high-resolution struc- 
tures. However, even S-2P is 
unstable and difficult to produce 
in mammalian cells. Hsieh et al. 
characterized many individual 
and combined structure-guided 
substitutions and identified a 
variant, named HexaPro, that 
retains the prefusion conforma- 
tion but shows higher expression 
than S-2P and can also with- 
stand heating and freezing. This 
version of the protein is likely to 
be useful in the development of 
vaccines and diagnostics. —VV 
Science, this issue p. 1501 


CORONAVIRUS 
Asteric block to 
SARS-CoV-2 


In response to infection by 
severe acute respiratory 
syndrome coronavirus 2 (SARS- 
CoV-2), the immune system 
makes antibodies, many of 
which target the spike protein, 
a key player in host cell entry. 
Antibodies that potently neutral- 
ize the virus hold promise as 
therapeutics and could inform 
vaccine design. Lv et al. report a 
humanized monoclonal antibody 
that protected against SARS- 
CoV-2 ina mouse model. The 
cryo-electron microscopy struc- 
ture, together with biochemical, 
cellular, and virological studies, 
showed that the antibody acts 
by binding to the receptor- 
binding domain of the spike and 
blocking its attachment to the 
host receptor. —VV 

Science, this issue p. 1505 


OCEAN WARMING 
Hearing the heat 


Most of the excess heat that 
causes global warming is 
absorbed by the oceans. 
Quantifying that heat increase is 
challenging because it requires 
many different temperature 
measurements over both the 
vertical and horizontal extent 
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of the oceans. Wu et al. report 
success in this effort through the 
use of a different method: They 
inferred temperature changes 
from sound waves generated by 
repeating earthquakes (see the 
Perspective by Wunsch). The 
travel time of these earthquakes 
from source to receiver reflects 
changes in the average water 
temperature that they encoun- 
ter. This technique should 
substantially enhance our ability 
to monitor ocean warming. 
—HJS 

Science, this issue p. 1510; 

see also p. 1433 


MICROBIOTA 
Microbiota protect 
the kidneys 


Chronic kidney disease (CKD) 
afflicts millions of people glob- 
ally. The first-line treatment 
for CKD is dietary intervention, 
so there may be a gut micro- 
biota—associated component. 
Lobel et al. investigated the 
mechanistic links between the 
microbiota and protein intake, 
because the protein metabolites 
indole and indoxyl sulfate are 
known uremic toxins (see the 
Perspective by Pluznick). The 
authors used a mouse model of 
CKD precipitated by a paucity 
of the dietary sulfur—containing 
amino acids methionine and 
cysteine. Bacterial metabolism 
of sulfur-containing amino acids 
modulated indole production by 
sulfide inhibition of the enzyme 
tryptophanase, thus abrogating 
uremic toxicity by this metabo- 
lite in this model system. —CA 
Science, this issue p. 1518; 
see also p. 1426 


MYELOID CELLS 
A sympathetic tumor 
response 


The sympathetic nervous 
system (SNS) has been shown 
to regulate immune responses 
through various mechanisms. 
Nevin et al. now show that 


ablation of SNS signaling can 
suppress tumor immunity, 
and this is caused by disrup- 
tion in a-adrenergic signaling 
that is needed for myeloid cell 
maturation. In tumor-bearing 
mice, this disruption promoted 
the accumulation of immature 
myeloid-derived suppressor 
cells, which allowed for tumor 
growth. In the absence of intact 
SNS signaling, these cells also 
promoted the expansion of 
regulatory T cells. These results 
provide insight into the contribu- 
tions of SNS signaling in innate 
and adaptive immunity, par- 
ticularly in the context of tumor 
immunity. —CNF 

Sci. !mmunol. 5, eaay9368 (2020). 


METABOLISM 
How to mete out 
metformin 


Metformin is the drug most 
commonly used to treat type 2 
diabetes, though not all patients 
respond to it and others do not 
tolerate it at all. Garcia-Calz6n 
et al. analyzed genome-wide 
methylation in the blood of 
drug-naive patients who were 
recently diagnosed with type 

2 diabetes. They found that 
methylation at specific loci was 
associated with future met- 
formin response or tolerance 
across multiple cohorts. These 
epigenetic markers may have 
theranostic potential regarding 
which patients should receive 
metformin. —CAC 

Sci. Transl. Med. 12, eaaz1803 (2020). 
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URBAN ECOLOGY 


The ecological and evolutionary consequences of 
systemic racism in urban environments 


Christopher J. Schell*, Karen Dyson, Tracy L. Fuentes, Simone Des Roches, Nyeema C. Harris, 
Danica Sterud Miller, Cleo A. Woelfle-Erskine, Max R. Lambert 


BACKGROUND: Human activity and decisions 
drive all life in cities. Worldwide, cities are 
characterized by extensive anthropogenic trans- 
formation of the landscape, modification of 
biogeochemical processes, and alteration of 
biological communities. Underlying all of these 
characteristics of urban ecosystems is an extra- 
ordinary variability in human agency, culture, 
power, and identity. Though our understand- 
ing of cities as ecological systems with 
distinctive community assemblages and 
landscape features has broadened con- 
siderably, researchers still rarely consider 
the full range of social drivers that affect 
landscape heterogeneity. One of the most 
characteristic attributes of cities is social 
inequality—specifically the uneven distri- 
bution of resources and wealth primarily 
underpinned by structural racism and 
classism. Because structural inequalities 
form the foundation of city infrastructure, 
urban development, governance, manage- 
ment, and landscape heterogeneity, in- 
equality among humans defines the 
ecological setting and evolutionary tra- 
jectories for all urban organisms. More 
broadly, systematic inequities have pro- 
found impacts on global biological change 
and biodiversity loss. Many emergent so- 
cial inequity patterns are principally driven 
by systemic racism and white supremacy. 
Hence, centering racial and economic jus- 
tice in urban biological research and con- 
servation is imperative. Here, we show 
how social inequalities shape ecological 
and evolutionary processes in U.S. cities 
and highlight the need for research that 
integrates justice perspectives with eco- 
logical and evolutionary dynamics. 


ADVANCES: Although a rich literature dem- 
onstrates how historical and contemporary 
inequities emerge and persist in human 
systems, a transdisciplinary perspective that in- 
tegrates social and cultural processes into an 
urban eco-evolutionary framework remains 
unexplored. In today’s world, humans often 
shape the ecological conditions that drive pat- 
terns of species distribution and evolution. Dis- 
tinctive urban landscape features—including 
reduced habitat patch size, novel plant com- 


evol 
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munities, and increased distance among sim- 
ilar patches—affect key ecological processes 
such as population dynamics, species inter- 
actions, and food web structure. Recent re- 
search emphasizes that socioeconomic and 
demographic factors predict within-city var- 
iation in diverse environmental conditions. 
Humans directly control urban plant, animal, 


and microbe communities. Further, decisions 


Residential segregation and systemic racism have substan- 
tial impacts on ecological and evolutionary dynamics in 
cities. Government-sponsored policies stratify neighborhoods on 
the basis of race and class (e.g., through “redlining” in the 
United States, represented here by the red circle), which results 
in restricted access to social services and environmental 
amenities for racial and/or ethnic minorities and low-income 
communities (red arrows). Habitat quantity and quality tend to 
be greater in wealthier and predominantly white neighborhoods 
(green arrows), which leads to variations in ecological and 
utionary processes, underscoring the influence of systemic 
racism and inequality in driving urban landscape characteristics. 


about urban resource management are often 
dictated by a subset of individuals and insti- 
tutions with social or economic capital. These 
decisions can bias the distribution of societal 
benefits derived from nature. Dominant so- 
cial groups also enact and enforce policies and 
societal norms that exacerbate social and en- 


vironmental inequities. Wealthier and predom- 
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inantly white neighborhoods generally have 
more green space, more trees, and greater plant 
diversity than less affluent neighborhoods. In 
addition, synergies among pollution (e.g., light, 
noise, chemical), resource distribution, subsi- 
dized predators, and non-native species present 
novel challenges to organisms, which must 
respond by moving elsewhere, acclimatizing, 
adapting, or facing local extirpation. These 
stressors are often stratified according to 
racial and/or ethnic backgrounds and wealth. 
Further, intraspecific variation in phenotypic 
and genotypic traits of urban species may 
reflect human-induced disturbances. These 
relationships highlight the potential for both 
adaptive and neutral evolutionary processes 
in urban subpopulations to vary across neigh- 
borhoods within cities. 


OUTLOOK: Stratification of wealth and property 
ownership shapes the distribution and man- 
agement of urban spaces, thus constructing the 
urban ecosystem. Systemic racism and 
classism drive urban wealth stratifica- 
tion, emphasizing the need to address 
inequality-driven environmental hetero- 
geneity in urban ecological and evolu- 
tionary studies. Residential segregation 
and colonial annexation (as well as gen- 
trification and displacement) generate 
predictable ecological patterns in vegeta- 
tion, air and water quality, microclimate, 
soils, and the built environment through 
the rapid influx of resources to specific 
areas. Accounting for such processes will 
allow more accurate estimation of the 
effect of humans on urban organisms. 
Deconstructing the complex and nuanced 
attributes of social inequality in affect- 
ing biological phenomena can also in- 
form more equitable and sustainable 
urban planning solutions that imple- 
ment anti-racist and justice-centered 
actions. Racial oppression and economic 
injustice are jeopardizing urban and 
global ecosystem health and function. 
Structural racism and classism are fur- 
ther layered with other inequalities, thus 
necessitating an intersectional approach 
to urban ecology. Deeper integration 
across the natural and social sciences 
is therefore an urgent priority for ad- 
vancing our understanding of urban 
ecosystems and developing applied sol- 
utions that promote environmental jus- 
tice, equity, and sustainability. 
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URBAN ECOLOGY 
The ecological and evolutionary consequences of 
systemic racism in urban environments 


Christopher J. Schell**, Karen Dyson”, Tracy L. Fuentes”, Simone Des Roches”, Nyeema C. Harris®, 
Danica Sterud Miller’, Cleo A. Woelfle-Erskine®, Max R. Lambert’ 


Urban areas are dynamic ecological systems defined by interdependent biological, physical, and 
social components. The emergent structure and heterogeneity of urban landscapes drives biotic 
outcomes in these areas, and such spatial patterns are often attributed to the unequal stratification 
of wealth and power in human societies. Despite these patterns, few studies have effectively 
considered structural inequalities as drivers of ecological and evolutionary outcomes and have instead 
focused on indicator variables such as neighborhood wealth. In this analysis, we explicitly integrate 
ecology, evolution, and social processes to emphasize the relationships that bind social inequities— 
specifically racism—and biological change in urbanized landscapes. We draw on existing research to 
link racist practices, including residential segregation, to the heterogeneous patterns of flora and 


fauna observed by urban ecologists. In the future, urban ecology and evolution researchers must 
consider how systems of racial oppression affect the environmental factors that drive biological 
change in cities. Conceptual integration of the social and ecological sciences has amassed 
considerable scholarship in urban ecology over the past few decades, providing a solid foundation 
for incorporating environmental justice scholarship into urban ecological and evolutionary research. 
Such an undertaking is necessary to deconstruct urbanization’s biophysical patterns and processes, 
inform equitable and anti-racist initiatives promoting justice in urban conservation, and strengthen 
community resilience to global environmental change. 


rban ecosystems encompass complex 

feedbacks between human activity, built 

and planted infrastructure, and natural 

landscapes that drive specific biological 

processes (J-3). Interactions between so- 
cial and natural systems produce distinctive 
biogeochemical and biophysical signatures 
(4, 5) that alter the demography, life histories, 
diversity, behaviors, and distributions of non- 
human species (6, 7). Resultant environmental 
conditions (e.g., urban heat island effects, food 
subsidies, and pollution) can drive phenotypic 
shifts, emigration, or extinction within and 
across animal and plant populations (8, 9). 
Cities have, accordingly, become foci for re- 
search on biological responses to novel, rapidly 
changing environments (8-73). Recent urban 
ecosystems research can inform sustainable 
solutions that promote biodiversity, human 
well-being, and urban resilience in the face of 
global environmental change (3, 74-16). How- 


1School of Interdisciplinary Arts and Sciences, University of 
Washington, Tacoma, WA 98402, USA. “College of Built 
Environments, University of Washington, Seattle, WA 98195, 
USA. Dendrolytics, Seattle, WA 98195, USA. “School of 
Aquatic and Fisheries Sciences, University of Washington, 
Seattle, WA 98195, USA. °Applied Wildlife Ecology Lab, 
Department of Ecology and Evolutionary Biology, University of 
Michigan, Ann Arbor, MI 48109, USA. School of Marine and 
Environmental Affairs, College of the Environment, University 
of Washington, Seattle, WA 98195, USA. ‘Department of 
Environmental Science, Policy, and Management, University of 
California, Berkeley, CA 94720, USA. 

*Corresponding author. Email: cjschell@uw.edu 


Schell et al., Science 369, eaay4497 (2020) 


ever, leveraging urban ecosystems as conduits 
of sustainability, conservation, and innova- 
tion, requires a comprehensive understanding 
of the underlying components, hierarchical 
structures, and key drivers of urban functions 
(Fig. 1) (3, 7, 16, 17). 

Since its inception, the field of urban ecol- 
ogy has framed cities as quintessential socio- 
ecological systems (i.e., complex adaptive systems 
or coupled human and natural systems) where 
social processes alter ecological properties that 
reciprocally influence human societies (78-20). 
These formative urban ecology models placed 
human decisions and institutions at the core 
of urban ecosystems, emphasizing the need to 
quantify spatial and temporal feedbacks within 
cities (17, 21). For example, the National Science 
Foundation’s urban Long-Term Ecological Re- 
search (LTER) programs in Phoenix, Arizona, 
and Baltimore, Maryland, United States (i.e., 
the Central Arizona-Phoenix LTER program 
and the Baltimore Ecosystem Study, respec- 
tively) have established links between social 
and ecological systems by overlaying habitat 
patch types with demographic information such 
as neighborhood wealth, housing density, and 
impervious surface cover (2, 3, 10, 16). 

Socioeconomic status has been a standard 
metric for many socio-ecological studies, as it 
combines social factors such as culture, race, 
occupation, education, and societal power into 
a complex aggregated measure (22, 23). Many 
social variables that contribute to socioeconomic 
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status and related environmental variability are 
the result of historical government and societal 
actions (24, 25). Recent studies have begun to 
address the varied contributions of several social 
factors (e.g., race, sex, and age) to ecological 
heterogeneity in cities (25-28). However, social 
inequality remains insufficiently studied as a 
key driver of ecological and evolutionary change 
in cities (Fig. 1) (15, 21, 24). Social inequality is 
the unequal distribution or allocation of wealth 
and resources to specific socio-cultural groups. 
Such imbalances contribute to substantial in- 
justices (i.e., social inequities; Fig. 1) that priv- 
ilege certain individuals over others (29-31). 
Inequality and inequity disproportionately af- 
fect which individuals own and access land, 
functionally restricting the people who become 
the primary drivers of urban ecosystem struc- 
ture and function (32, 33). 

Urban social inequality stems from histor- 
ical and contemporary power imbalances and 
produces deleterious effects that are often 
intersectional, involving race, economic class, 
gender, language, sexuality, nationality, ability, 
religion, and age (34). Various ecological attri- 
butes in cities are principally governed by the 
spatial and temporal scale of social inequities 
(23). For instance, the uneven distribution of 
urban heat islands (35-39), vegetation and tree 
canopy cover (27, 28, 40, 41), environmental 
hazards and pollutants (42-46), and access to 
healthy waterways (47, 48), as well as the rel- 
ative proportion of native to introduced spe- 
cies (49, 50), are strongly dictated by structural 
racism and classism (Fig. 1) (21, 31, 32, 51). 
Concurrently, the environmental justice liter- 
ature has long articulated the economic, health, 
and environmental implications of structural 
racism in cities (62-55). Integrating the con- 
tributions of social inequities to urban environ- 
mental structure is therefore crucial for informing 
our understanding of biological processes in 
cities (33, 55, 56). 

Here we provide a transdisciplinary synthe- 
sis on how social inequities—and specifically 
systemic racism—serve as principal drivers of 
ecological and evolutionary processes by shaping 
landscape heterogeneity (Fig. 1). We draw on the 
social and political sciences to specifically stress 
how understanding systemic racism and racial 
oppression, rooted in settler colonialism and 
white supremacy, is essential for advancing 
research in urban ecology and evolutionary 
biology. First, we review the socio-ecological 
effects of wealth disparities in cities. We then 
describe how systemic racism drives inequitable 
patterns in wealth, health, and environmental 
heterogeneity, noting that intersectionality with 
other identities (e.g., gender, sexual orientation, 
and indigeneity) may have additive impacts 
on urban structure (29, 34, 57). We propose 
hypotheses linking systemic racism to urban 
ecological and evolutionary patterns and pro- 
cesses. We close by illustrating how centering 
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Inequality: Unequal distribution of wealth and resources across social groups. 


Inequity: Unjust allocation of resources driven by power dynamics 
discrimination, stereotypes, and systemic biases. 


Racism: Stereotypical norms that disadvantage communities of color 
(typically Black, Asian, Latinx, and Indigenous groups), including the 
interdependent forces of “prejudice plus power” that dictate how racial 
inequalities persist even after elimination of racist actors or policies. 


Fig. 1. Structural racism and classism underpin landscape heterogeneity 
in cities. (A) Conscious and unconscious systemic biases and stereotypes 
contribute to shaping institutional policies that drive and exacerbate 

racist and classist structures in urban systems (e.g., law enforcement, 
residential segregation, and gentrification). The emergent properties of 
these structural inequalities have substantial impacts on multiple attributes 
across the urban landscape, including impervious surface cover, urban heat 
islands, green space and tree cover, environmental pollutants, resource 
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“rights 


Environmental justice 


Equal access to environmental 
services and protection from 
disservices in all places where 

people live, work, learn, and play. 


Civil 
rights 


Urban 
conservation 


Social justice 
Fair and equitable (re)distribution 
of power, opportunities, 
resources, and wealth 


Classism: Discriminatory actions based on wealth, income, or social 
Class, usually directed at barring people from working class 
backgrounds from accessing benefits and social spaces dominated by 
middle or upper classes. 


Intersectionality: The intersection, interaction, and compounding of 
marginalized identities, causing individuals and communities at such 
intersections to experience greater social inequities. 


distribution, and disease dynamics. These physical and biological character- 
istics have known impacts on the ecological patterns and evolutionary 
processes of urban organisms. (B) Incorporating environmental justice 
principles and civil rights into ecological and evolutionary applications is an 
urgent priority for positively affecting the long-term success of urban 
conservation and sustainability. (C) Definitions of key terms for understand- 
ing the interconnectedness of racism, classism, and intersectionality as 
related to system inequality. 
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environmental justice and anti-racist activism 
in biological research is a priority for urban 
conservation (55, 56). 

Although we predominantly focus on work 
from North America, the global ubiquity of 
social inequality and systemic racism across 
cities suggests that our synthesis is broadly 
applicable (58-60). Addressing systemic and 
structural racism in both cities and the sci- 
entific community is necessary to compre- 
hensively understand urban ecological and 
evolutionary dynamics, conserve biodiversity, 
improve human health and well-being, and 
promote justice in nature and society. 


Socio-ecological effects of wealth 


Household and neighborhood wealth are cur- 
rently the most common social variables that 
ecologists use to describe within-city biodi- 
versity patterns, especially in residential neigh- 
borhoods (26, 61-64). Wealth—specifically 
median household income—has repeatedly 
emerged as a key explanatory variable for 
predicting urban ecological patterns. One of 
the most well-known and robust hypotheses 
linking household income and ecology—the 
luxury effect—suggests that urban biodiversity, 
and plant diversity in particular, is positively 
correlated with neighborhood wealth (67, 63). 

The wealth-biodiversity covariance is pred- 
icated on a fundamental tenet of urban eco- 
systems: Humans manage urban areas and, as 
the ultimate ecosystem engineers, can greatly 
augment or remove resource limitations that 
favor growth and abundance of some species 
over others (32, 67). As aresult, households 
with greater discretionary income and capital, 
higher education levels, and reduced pressure 
for essential needs exert stronger influence on 
plant assemblages, establishing a residential 
ecological mosaic based on socioeconomics 
(32, 50, 62, 65). 

The luxury effect is particularly pronounced 
in arid ecoregions and biomes and intensifies 
with increasing urbanization, vegetation loss, 
and wealth gaps (21, 35). Initial support for the 
luxury effect came from Phoenix, Arizona, with 
observed positive correlations between house- 
hold income and woody perennial diversity 
(61). Studies investigating the luxury effect 
globally have implicated wealth as a strong 
correlate of faunal and floral diversity (26, 63), 
relative vegetation cover (27, 40), species abun- 
dances (49), and the distribution of abiotic 
attributes [such as urban heat islands (35, 66) 
and environmental hazards (44)] in cities. Re- 
cent meta-analyses have supported the wealth- 
biodiversity phenomenon yet emphasized that 
the causal social and political mechanisms be- 
hind these patterns are seldom explored (26, 64). 


Vegetation cover and biodiversity 


Affluent urban residential neighborhoods gen- 
erally have greater vegetation cover, canopy 
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cover, and plant diversity than their less wealthy 
counterparts (27, 63, 67). Public urban forests, 
recreational parks, and private green spaces 
also tend to be larger and more established 
with older trees and vegetation that provide 
greater niche space to support biodiversity at 
other trophic levels (49, 68, 69). For instance, 
strong positive correlations exist between urban 
tree cover and household income for seven 
major U.S. metropolitan regions (40). General 
vegetation cover in Los Angeles, California (27), 
and the distribution of urban forests through- 
out Cook County, Illinois (47), are also posi- 
tively affected by increasing wealth, as well as 
several other socioeconomic factors (e.g., racial 
composition, education, and home ownership). 
In addition, recent work suggests that inter- 
active effects between housing age and income 
predict tree biodiversity, with more established 
homes in high-income neighborhoods exhibit- 
ing greater diversity (27). Lawns are an unusual 
case: Wealthier residents intensively manage 
their lawns to be very green (70) and have few 
to no species other than turfgrasses (71). As a 
result, some studies have found neutral or neg- 
ative wealth-plant biodiversity relationships in 
these areas (72, 73). 

Luxury effects customarily scale from the 
household to the neighborhood level. A recent 
study found that yards in wealthier neighbor- 
hoods consistently had greater abundances 
and diversity of flowering plants, trees, and 
non-native species (65). Similarly, individual 
homeowners with landscaping priorities pri- 
marily driven by cost (i.e., the need for cheaper 
plants) have lawns with higher relative propor- 
tions of non-native plant species with lower 
functional diversity (50). These recent studies 
illustrate how socioeconomics drive variation 
among individuals and therefore influence 
choices at the household level, which can 
scale up to affect neighborhood biodiversity. 
These wealth-driven impacts on patterns of 
primary producers may have substantial effects 
on metacommunity composition and dynam- 
ics. Luxury effects often scale from the residen- 
tial to the city-wide level, providing cross-city 
evidence that wealthier U.S. cities have better- 
resourced urban park systems (74). Whether 
such trends in vegetative structure are con- 
sistent across cities, or even across biomes, 
remains unexplored. 


Impacts on animal communities 


Luxury effects extend beyond primary pro- 
ducers, with recent studies suggesting that 
colonization, species richness, and abundance 
of birds are related to neighborhood wealth 
(49, 75-77). Most prior studies have addressed 
these relationships in birds in multiple cities 
across the globe. For instance, bird community 
richness positively correlates with median 
household income across multiple urban cen- 
ters in South Africa (49). However, negative 
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income-richness relationships in highly ur- 
banized landscapes imply that highly built 
yet expensive downtown centers can deter or 
prevent successful colonization and persist- 
ence (49). Other studies in Phoenix, Arizona, 
similarly found that bird diversity was greatest 
in parks and residential yards in high-income 
neighborhoods, a pattern primarily explained 
by an increased relative abundance of native 
desert species and proximity to undeveloped 
desert landscapes (75, 76). Further, recent evi- 
dence from 45,000 observations of 160 passer- 
ine species found across U.S. cities shows that 
increasing household income predicts greater 
abundances of migratory species, as well as 
greater abundances of smaller, shorter-lived 
birds (77). These results are some of the first 
empirical examples linking the luxury effect 
to evolutionary ecology. 

Few studies have addressed the luxury ef- 
fect in other animal taxa, though evidence im- 
plies that these effects persist across multiple 
clades. Evidence for coyotes (Canis latrans) and 
raccoons (Procyon lotor) throughout Chicago, 
Illinois, United States, suggests that carnivores 
are more likely to colonize and persist in 
wealthier neighborhoods (68). Household in- 
come is also a strong predictor of lizard spe- 
cies richness in Phoenix, Arizona, with other 
factors such as traffic density and surface tem- 
peratures having weak effects (78). Evidence 
from arthropod research suggests that richness 
in high-income neighborhoods across North 
Carolina is greater regardless of vegetation 
cover at the property level (69). 

Wealth-animal richness trends can also ex- 
tend beyond city limits. Red bat (Lasiurus 
borealis) and evening bat (Vycticeius humeralis) 
activity is positively correlated to household 
income, regardless of land cover metrics (79). 
Activity patterns of hoary bats (Lasiurus 
cinereus), however, decrease with increasing 
neighborhood income, which suggests that 
luxury effects are more salient for some spe- 
cies than others (79). 


Urban heat islands and air pollution 


Heat is unevenly distributed within cities: 
Temperatures are typically greater in lower- 
income neighborhoods than in higher-income 
areas (35, 36). Low-income neighborhoods 
have reduced tree and vegetation cover and 
increased impervious surface cover, which 
contribute to higher surface temperatures in 
Phoenix, Arizona (35, 66); Baltimore, Maryland 
(36); and other cities worldwide (38, 39, 80). 
Given the cooling capacity of trees, apparent 
luxury effects on tree and vegetation cover can 
substantially impede environmental cooling in 
low-income neighborhoods, making residents 
particularly vulnerable to heat-related illnesses 
(36, 81). Such wealth-tree-heat axes have 
emerged in other countries as well, including 
Canada (82), Brazil (83), and South Africa 
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(84, 85). Heterogeneity in the distribution 
of urban heat islands, and associated health 
outcomes, is thus a direct consequence of the 
luxury effect (24, 35). 

Other environmental disamenities, espe- 
cially pollutants, also reflect the luxury effect. 
Air pollution sources are often colocated near 
low-income neighborhoods; consequently, low- 
income residents frequently have higher risk of 
exposure to and vulnerabilities associated with 
air pollutants. For instance, low-income resi- 
dents throughout North Carolina (44) and 
multiple cities in the Northeastern United 
States (86) experience greater exposure to 
atmospheric particulate matter. Low-income 
residents also experience greater ambient 
nitrogen dioxide concentrations in Montreal, 
Canada, though some high-income areas in 
the downtown region similarly experience in- 
creased ambient concentrations of this pollu- 
tant (87). Further, meta-analysis of data from 
the American Housing Survey suggests that 
low-income households have elevated indoor 
concentrations of nitrogen dioxide and partic- 
ulate matter (42). 

Research on heat islands and pollution sup- 
ports the idea that inequality in neighborhood 
wealth leads to a diversity of environmental 
hazards and that these hazards compound to 
create distinctive, challenging environmental 
patches. 


Limitations of the luxury effect 


The luxury effect is far from universal across 
systems and taxa, and the underlying pro- 
cesses and causal mechanisms that contrib- 
ute to emergent wealth-ecology relationships 
are seldom addressed (21, 40). In a meta- 
analysis of associations between wealth and 
biodiversity, the directional relationship (posi- 
tive, negative, or no relationship) between 
biodiversity and wealth varies markedly ac- 
cording to differences in social conditions, 
which include cultural norms, individual and 
community preferences, and municipal policies 
(26). A pair of similar meta-analyses concluded 
that relationships between income inequality 
and urban forest cover are not always note- 
worthy, with neighborhood racial composition 
explaining divergent conditions in vegetation 
cover (64, 88). 

The history of urban development, individual- 
level choices, and societal norms also distorts 
potential relationships between wealth and 
biodiversity. For instance, in some cities, wealthier 
neighborhoods may have a higher relative 
proportion of high-rise structures and built 
downtown areas that severely limit the amount 
of vegetated cover, reducing functional habitat 
space and biodiversity (26). Wealthier neigh- 
borhoods may also enact policies that reduce 
vegetation diversity and mandate the prolifer- 
ation of monoculture lawns that yield consid- 
erable environmental homogeneity and serve 
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to similarly reduce biodiversity (26). Moreover, 
refined analytical approaches may help to dis- 
entangle the contributions of wealth, culture, 
and other socioeconomic factors to ecology. For 
example, evidence in New York City suggests 
that residential canopy cover is best explained 
as a signal of social status (the “ecology-of- 
prestige hypothesis”) (32). Hence, the con- 
vergence among policy, individual choices, 
and socioeconomic variables may be a better 
predictor of urban ecological variance than 
wealth alone (32). Indeed, recent work assess- 
ing the plant diversity of residential yards 
supports this conclusion, suggesting that 
individual homeowners’ landscaping prior- 
ities largely dictate private lawn community 
composition (50). 

Luxury effects have been explored primarily 
in terrestrial systems, with less work in aquatic 
habitats. Lack of evidence for aquatic luxury 
effects in urban ponds, lakes, and rivers may 
be due to other abiotic factors regulating 
waterway health that do not necessarily cor- 
relate with wealth disparities (63). Small ponds 
or lakes are also seldom present in lower 
socioeconomic areas, functionally eliminating 
potential studies on aquatic luxury effects. 
Moreover, riverfront or coastal environments 
have increasingly become hotspots for the 
wealthy, excluding lower-income communities 
and thereby compounding ostensible luxury 
effects. Urban rivers and streams run through 
and interconnect high- and low-income areas, 
so downstream habitats may suffer consequences 
of upstream pollution and erosion. 

Characteristically, the luxury effect has also 
resided at the community and ecosystem level, 
with few studies investigating how wealth het- 
erogeneity affects organismal and population 
ecology (68, 79). Prior studies also predom- 
inantly address patterns but seldom articu- 
late the underlying sociopolitical processes 
that contribute to wealth-ecology relation- 
ships. Integrating the study of systemic racism 
and that of environmental justice should emerge 
as the next development in socio-ecological 
scholarship. 


Beyond wealth: Structural racism, ecology, 
and evolution 


In multiple cases, neighborhood racial com- 
position can be a stronger predictor of urban 
socio-ecological patterns than wealth (25, 37, 88). 
For example, exposure to particulate matter in 
cities such as Los Angeles (43), Phoenix (46), 
and other cities throughout North Carolina 
(44) is increased for racial and ethnic minority 
groups, especially Black, Latinx (i.e., a person of 
Latin American origin), and Native American 
populations (43, 45). The geographic distribu- 
tion of urban heat islands and tree canopy 
cover in cities is also stratified by race: Multiple 
studies have repeatedly demonstrated that 
land surface temperatures are magnified for 
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racially minoritized groups in many U.S. 
cities (36, 37, 39), with certain racial groups 
more vulnerable than others (37, 38). Differ- 
ential pollutant exposure extends to aquatic 
systems. For example, decades of neglected 
pollution in the Flint River led to an ecological 
disaster for the stream biota and a massive 
ongoing humanitarian crisis in the predom- 
inantly Black community of Flint, Michigan 
(47, 48). Pressures to save money motivated 
the local government to switch Flint’s source 
of drinking water from Lake Huron to the 
polluted river (89). The calamity of the pol- 
luted Flint drinking water is just one example 
of a larger pattern of minoritized commun- 
ities bearing the brunt of ecosystem disamen- 
ities (48). 

Recent studies have begun to reveal some of 
the underlying structural constructs—especially 
racism—that contribute to urban heterogeneity 
beyond household income (28, 37, 88). How- 
ever, determining the true influence that sys- 
temic and structural racism exerts on ecological 
dynamics remains a novel area of investigation 
(28). Studies on the resultant evolutionary out- 
comes are also rare (90). Knowing the relative 
contribution of structural racism to wealth dis- 
parities informs our understanding of complex 
temporal dynamics in cities, which is not pos- 
sible in approaches lacking historical context 
(21, 24). In addition, accounting for structural 
racism in biological models should improve 
their predictive value, thereby allowing us to 
more accurately estimate the effect of urban- 
ization on evolutionary and ecological change. 
Frameworks that consider systemic and struc- 
tural racism as principal drivers of urban form 
advance our ability to predict how and which 
species may acclimatize and evolve for life in 
cities (Figs. 2 and 3). 


Residential segregation and redlining 


Globally, residential segregation—characterized 
by a physical separation of groups within cities 
and further compounded by the concentration 
of government and ecosystem benefits (30)—is 
an especially potent form of social stratification. 
Residential segregation shapes ecological condi- 
tions along multiple environmental axes that 
cannot be neatly characterized by variables such 
as wealth or impervious surface cover (91). This 
is particularly important because social geog- 
raphies vary for different racial, ethnic, and 
cultural groups depending on the historical 
forms of discrimination experienced by each 
minoritized group (37). The impact of structural 
racism on Black geographies in the United 
States has been particularly well documented, 
with substantial legacy effects on urban eco- 
logical patterns (21, 24, 27, 92). 

Perhaps one of the most notorious examples 
of structural racism is the U.S.-sanctioned 
policy of “redlining” enacted between 1933 
and 1968. This practice segregated urban 
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Fig. 2. The practice of redlining in the United States functionally segregated neighborhoods by race and 
class. The highest-rated neighborhoods (graded “a” and outlined in green) were wealthier and predominantly 
white. The lowest-rated neighborhoods (graded “d” and outlined in red) were poorer and predominantly Black. 
Demographics of intermediate-ranked neighborhoods (graded “b” and “c” and outlined in blue and orange, 
respectively) were between those of “a” and “d” areas. Segregation practices such as redlining leave lasting marks 
on urban landscapes. (A) Redlined neighborhoods still have substantially less green space (e.g., trees, parks, 
and lawns) than higher-graded neighborhoods. Although this pattern is consistent across cities, there is marked 
variation among neighborhoods and between cities, as seen in the comparison of Birmingham, Alabama, and 
Baltimore, Maryland. Other environmental amenities, such as urban water bodies in Minneapolis, Minnesota, 
are also segregated. (B) Historically greenlined or redlined neighborhoods are positioned differently relative to 
contemporary urban boundaries and access to natural areas outside the urban landscape. In Minneapolis, 
Minnesota, and Baltimore, Maryland, redlined neighborhoods are concentrated in the city center, far from the 
urban periphery. These cities have also grown over the past 50 years, meaning that human and nonhuman 
residents of redlined neighborhoods must travel farther to get out of the city. By contrast, the city extent of 
Birmingham, Alabama, has grown minimally, and redlined areas are near forested lands. Note that in the 
background maps, white represents roads, pale gray represents exurban land, gray represents urban land, and 
dark gray represents water. Redlining data are from the Mapping Inequality collaborative project (https://dsl. 
richmond.edu/panorama/redlining/). NDVI, normalized difference vegetation index. 
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residential neighborhoods principally by race 
and was used to formally suppress capital 
wealth gains of Black Americans (30). Red- 
lining policy graded neighborhoods from most 
desirable (“a”; outlined in green in Fig. 2) to 
hazardous (“d”; outlined in red in Fig. 2) 
according to their perceived amenities and 
disamenities, including financial riskiness, 
environmental quality, proximity to indus- 
trial facilities, and racial composition (30). 
Black Americans were refused housing loans 
and walk-throughs in neighborhoods deemed 
“a” or “b” quality and were relegated to “c” and 
“d” areas, which received less governmental 
support. 

Today, the ecological effects of redlining 
persist. Redlined “d” neighborhoods have, on 
average, 21% less tree canopy than “a” neigh- 
borhoods. Further, “a”-graded areas are fre- 
quently more uniformly green, have older 
tree canopy, and are closer to environmental 
amenities than redlined “d” neighborhoods 
(Fig. 2). Although redlining is no longer an 
active policy, studies have shown that its legacy 
remains a key driver of contemporary urban 
landscapes across at least 37 cities in the United 
States (24, 28, 92). 


Ecological effects of structural racism 


Redlining may greatly contribute to the 
asymmetric distribution of habitat that struc- 
tures bottom-up processes influencing bio- 
diversity (28, 35). Reductions in tree and 
vegetation cover necessarily diminish niche 
diversity and quality (63, 93), which frequently 
coincides with reduced species richness of birds, 
mammals, and arthropods (94-97). By concen- 
trating Black Americans and other minoritized 
communities in urban centers, redlining often 
reduced the proximity of segregated areas 
to undeveloped landscape beyond the urban 
boundary (Fig. 2A), and patterns of segrega- 
tion might have subsequently created variably 
permeable urban matrices (Fig. 2B). Therefore, 
we may hypothesize that emergent patterns of 
species colonization and extinction vary con- 
siderably within and among cities as a function 
of heterogeneous temporal and spatial legacies 
of racial segregation. A critical question is 
whether the severity and age of residential 
segregation affect the number of species co- 
occurring at a localized site (alpha diversity), 
a reduction in community composition across 
sites over space and time (beta diversity), or 
city-wide regional biodiversity (Fig. 3 and 
Table 1). 

Archived redlined maps may prove valuable 
for predicting the spatial distribution of niches 
across cities (Fig. 2). Because redlining pre- 
dicts the age, abundance, and distribution of 
urban tree canopy in many cities, it is likely 
that such maps may also provide substantial 
resolution to the geographic locations of po- 
tential sink habitats and ecological traps in 
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both terrestrial and aquatic environments 
(98). Though several studies have addressed 
the emergence of source and sink habitats 
(99-102), none have explicitly considered 
whether heterogeneity in pollutants, heat, 
and other disturbances shape their geographic 
distribution (Fig. 1A). The legacy effects of 
residential segregation could predict the local- 
ity and size of potential ecological sinks and 
traps, thereby helping to identify and predict 
geographic regions with compounding anthro- 
pogenic disturbances that require more sus- 
tained stewardship (Table 1). 

Recent studies emphasize that the spatial 
arrangement of vegetation cover can drive 
evolutionary change (J03), fundamentally 
linking segregation-driven patterns of veg- 
etation cover to evolutionary trajectories of 
urban populations. Impervious surface is fre- 
quently associated with reduced movement 
of organisms across landscapes and therefore 
lower gene flow, more subdivided populations, 
and lower genetic diversity (104-106). Urban 
tree cover can ameliorate these effects; for 
example, tree cover facilitates gene flow in native 
white-footed mice in New York (107, 108). In- 
creased land cover and habitat connectivity, 
however, may also boost transmission of zoo- 
notic disease (e.g., Lyme disease), and adapt- 
ive management solutions to control disease 
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Fig. 3. Conceptual diagram illustrating how between-city differences in 
segregation may produce disparate ecological and evolutionary outcomes. 
(A) In hypothetical city 1, green space is more evenly distributed and continuous 
from green- to redlined districts (Fig. 2) relative to city 2. (B) Between-city 
differences in connectivity may result in different selective gradients that 
contribute to varying distributions of genetic or phenotypic trait values of species 
found across districts (“a" through “d”). (C) Both cities have near-identical 


spread may produce additional evolutionary 
feedbacks (57, 109). Hypotheses that address 
the relative contributions of racial segrega- 
tion and wealth disparities to tree cover can 
elucidate the socioeconomic attribute that most 
accurately predicts population genetic structure 
and connectivity (Table 1). 


Evolutionary impacts of structural racism 


The compounded impacts of heightened edge 
effects, smaller patch sizes, reduced niche di- 
versity, and individual human behaviors may 
predict increased genetic drift in racially 
minoritized neighborhoods (Fig. 3). Urban de- 
velopment and habitat fragmentation are 
generally expected to increase drift and reduce 
genetic diversity (107, 110), and urban green 
spaces in minoritized communities are cus- 
tomarily fragmented (55). Habitat patches may 
also experience substantially reduced gene flow 
if adjacent habitats are not proximal (i.e., iso- 
lation by distance) or have barriers that pro- 
hibit successful immigration into a desired 
habitat (i.e., isolation by resistance) (107). Re- 
duced tree canopy cover significantly reduces 
gene flow for some species (108), and canopy 
cover is significantly diminished in racially 
segregated neighborhoods (40). As a result, 
gene flow of native species may be detrimen- 
tally affected, whereas some pest species may 
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species diversity and composition in “a” districts, and species diversity and 
composition decline from “a” to “d” neighborhoods. However, within each 
jurisdiction, city 2 has substantially less species diversity in “b,” “c,” and “d” 
districts relative to city 1, potentially as a result of differences in habitat 
distributions. (D) Food webs may be more diverse and interconnected across 
districts in city 1 (left) but are more simplified across districts in city 2 (right), 
owing to the relative differences in structural and functional habitat connectivity. 


thrive in previously redlined neighborhoods 
(69, 90). Further, highways and impervious 
surfaces are formidable urban barriers for a 
variety of taxa (106, 111, 112), and these built 
structures tend to be more prevalent in ra- 
cially minoritized neighborhoods (37). How 
other aspects of urban habitats (e.g., vacant 
lots, food availability from pets or waste, and 
homeless encampments) vary as a function of 
various forms of structural racism and, con- 
sequently, affect gene flow in different taxa 
remains an area worthy of exploration. 
Redlining and similar discriminatory poli- 
cies (e.g., Jim Crow laws) that increased Black 
Americans’ proximity to polluting industries 
(45, 92, 113) and heightened exposure to in- 
tensified urban heat effects (36, 39) may have 
compounded to create strong selective pres- 
sures that drive adaptive and maladaptive 
evolution (Fig. 3B). Increased pollutant expo- 
sure can increase the rate of heritable mutations 
in mice (7/4) and selection for toxicity- 
mediating genes and connected signaling 
pathways in killifish (Fundulus heteroclitus) 
(115), respectively. Recent studies also provide 
evidence of rapidly evolved thermal tolerance 
in urban water fleas (Daphnia magna) (116, 117), 
ants (Temnothorax curvispinosus) (118), and 
damselflies (Coenagrion puella) (119). To our 
knowledge, no studies have explicitly explored 
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Table 1. Key questions integrating systemic racism, ecology, and evolution. A proposed list of 
potential research questions that integrate social heterogeneity, ecology, and evolution in urban 
systems. These questions could inform practitioners, planning professionals, and elected officials 
as to how such processes in cities can be leveraged for positive social change. Colored dots denote 
the primary research focus of each question (blue, ecological; gold, evolutionary). 


Key questions Research focus 
1. How does biodiversity vary with the degree of residential segregation e 
within a city? 

2. Do socioeconomic and racial stratification predict the locality of r 
ecological traps and source-sink dynamics within cities? 

3. How does the severity of economic and racial segregation © 
influence connectivity, dispersal, gene flow, and genetic isolation? 

4. Does equitable urban greening increase the probability of rescue 

effects of native species and ecological specialists? r 
5. Do cities with increasing homelessness rates have reduced 

species occupancy rates? @ 


6. Is functional or structural connectivity reduced in cities with 

more pronounced economic or racial segregation? @ 
7. Are rates 0 oca adaptation or maladaptation higher for urban 

organisms in redlined neighborhoods? & 
8. How have urban renewal and associated displacement affected @ 
habitat fragmentation and ecological disturbances? 

9. Do carbon sequestration and soil microbial density differ as a @ 
function of neighborhood segregation? 

10. Does selection for non-dispersing seeds in plants vary with © 
socioeconomic and demographic predictors? 

11. Do numerical responses in predator-prey or pollinator-plant dynamics @ 
vary across redlining categories? 

12. Is natural selection along multiple ecological conditions strongest in @ 
redlined or low-income neighborhoods? 

13. How do sublethal effects (e.g., life-history traits, physiology) varyasa umm 
function of pollution proximity and segregation in cities? ra 
14. Are rates of zoonotic disease transmission accelerated or dampened 

by residential segregation and/or urban renewal? © 
15. Can improvements to public transportation infrastructure and & 
greenways improve habitat connectivity? 

16. Do anti-displacement policies affect ecological stability and integrity r 
over time? 

17. Are cities with smaller economic inequality indices (e.g., the Gini @ 
coefficient) more biodiverse relative to others? 


18. Does remediating pollution (air, soil, water) in marginalized 
neighborhoods enhance biodiversity and organismal abundances? 


how either neutral or adaptive evolutionary 
processes operate as a function of heterogene- 
ity that stems from structural racism. 

The lack of effective intervention, water 
sanitation, medical access and resources, and 
trash management programs due to struc- 
tural racism may also shape mutation rates 
and emerging disease dynamics (90, 120). 


Racially minoritized and low-income com- 
munities witness increased proximity to 
pest species known to harbor zoonotic dis- 
eases (90, 121, 122). For instance, brown rat 
(Rattus norvegicus) abundances negatively 
correlate with socioeconomic status, such 
that low-income neighborhoods report more 
frequent rat sightings across cities globally 
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(123-127). Racially diverse neighborhoods con- 
sistently receive inadequate sanitation services 
that are compounded with aging infrastructure 
and overgrown vegetation, all factors that at- 
tract brown rats and other non-native rodent 
pests (125, 128). Inconsistent administration of 
over-the-counter rodenticides may lead to var- 
ious levels of immune resistance in local rat 
populations (729), further exacerbating health 
and disease risks for marginalized communities 
(130). Societal neglect underpinned by systemic 
racism may therefore promote the evolution of 
rodenticide immunity that heightens zoonotic 
disease risks in marginalized communities (57). 

Infection and mortality rates from corona- 
virus disease 2019 (COVID-19), caused by severe 
acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2), are disproportionately high for Latinx, 
Indigenous, and Black communities relative 
to other racial groups in the United States 
(91, 113, 131-135). Over decades of govern- 
ment policy and economic development, cities 
have disproportionately situated environmental 
hazards (e.g., petrochemical industries, waste 
facilities, and major roadways) near predom- 
inantly Black and Indigenous communities 
(43, 46). Such forms of environmental racism 
have substantially compromised neighborhood 
air quality and respiratory health of minori- 
tized communities (43, 87). Recent evidence 
linking air pollution exposure with COVID-19 
mortality risk (134, 136) thus indicates direct 
connections among environmental racism, air 
quality, and disproportionate death rates for 
Black and Indigenous communities. This epi- 
demiological phenomenon is further com- 
pounded by reduced access to adequate health 
care, heightened risks of concomitant health 
comorbidities (e.g., cardiovascular disease, 
hypertension, and diabetes), and increased 
housing density (133). Communities with higher 
human densities can experience increased viral 
mutation rates, which subsequently increase the 
likelihood of viral host jumping (720). An alarm- 
ing but plausible and insufficiently studied (137) 
hypothesis is that mutation rates in pathogens 
such as SARS-CoV-2 are greatest in racially 
minoritized and low-income communities, 
creating a pernicious socio-evolutionary loop 
between increasing virulence and the uneven 
distribution of social and health inequities in 
these communities. 


Intersecting forms of inequality 


Understanding the mechanisms that shape 
urban inequality and, thus, urban eco-evolutionary 
patterns and processes requires incorporating 
intersectional theories of inequality and evaluat- 
ing accessibility to different spaces (34, 138, 139). 
The term “intersectionality” emphasizes that 
various marginalized identities of an individual 
or community more broadly intersect, com- 
pound, and interact, ultimately affecting the 
magnitude and severity of experienced social 
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inequities (Fig. 1) (57). For example, discrim- 
ination experienced by a queer Black woman 
in the United States may be intensified rela- 
tive to that faced by individuals with similar 
racial, gender, and sexual orientation identities 
alone. Translating the concept of intersection- 
ality onto the urban landscape can provide a 
more holistic understanding of the patterns 
and processes that shape urban ecosystems. 
For instance, we may hypothesize that char- 
acteristic differences between Indigenous 
ecological practices and those of forestland 
managers may contribute to variance in native 
species richness and community complexity 
(140, 141). Similarly, we may predict that 
gender differences as related to land cultiva- 
tion and homeownership shape plant species 
assemblages and species turnover rates. Fur- 
ther, vegetation removal and increased night- 
time lighting to deter LGBTQIA+ (lesbian, gay, 
bisexual, transgender, queer, intersex, asexual, 
and other) communities (95) may have subse- 
quent effects on disturbance regimes and local 
biodiversity that reduce habitat value for mul- 
tiple species. Though such empirical links are 
currently speculative and not well established, 
integration of various inequities in cities may 
provide additional resolution to understanding 
how social drivers affect urban ecology and evo- 
lution. Although our focus has been on racism and 
classism, we recognize the need for and encourage 
intersectional approaches in urban ecology. 


Centering justice in urban ecology and 
conservation 


The origins of environmentalism in the United 
States were heavily influenced by white men 
who expressed racist perspectives in their efforts 
to protect nature. Writings by early environ- 
mentalists such as Aldo Leopold, John Muir, 
Madison Grant, Gifford Pinchot, and Theodore 
Roosevelt argued that nature is most pristine 
without human influence but should be re- 
served for white men as a resource for personal 
improvement (J42—144). These early arguments 
greatly contributed to the exclusion of Black, 
Indigenous, and non-white immigrant commu- 
nities from outdoor spaces and environmental 
narratives (145), despite these communities 
shouldering the brunt of environmental and 
climate crises and leading effective move- 
ments for environmental and climate justice 
(53, 146, 147). White-led environmental and 
climate movements have long marginalized 
issues of racial justice when crafting policy 
and legislation (148). In addition, such move- 
ments have traditionally considered structural 
violence to be unrelated to environmental 
issues, yet state-sanctioned police brutality 
(149, 150), environmental degradation (173), 
and the climate crisis (53, 147) all reinforce 
patterns of racial segregation and criminal- 
ization of minoritized people in urban public 
spaces (151, 152). 
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Black, Indigenous, Latinx, and immigrant 
communities possess cultural knowledge, on- 
going land and water relations, and effective 
practices for community and ecological revi- 
talization, honed through generations of strug- 
gle with and for the land (140, 147). Systemic 
racism in environmental policy excludes com- 
munities from ecocultural relations with urban 
ecosystems, urban planning processes, and 
urban ecological restoration (153, 154). As a 
result, these communities find that their long- 
standing and effective practices of managing 
and advocating for lands, waters, and species 
are limited. When judges, elected officials, 
planners, scientists, and others who hold 
power in environmental governance work in 
solidarity with frontline communities, urban 
organisms, ecosystems, and human commun- 
ities move toward regeneration (155-157). 

Racist research and conservation approaches 
must be challenged and redesigned to include 
justice, equity, and inclusion (24, 157-159). To 
do so, ecologists, biologists, and environmen- 
talists must reimagine what is considered an 
ecological or conservation issue. Increasing eco- 
nomic opportunities, bolstering public trans- 
portation infrastructure, investing in affordable 
housing and health care, and strengthening 
voting rights and access are issues rarely con- 
sidered by mainstream environmental organ- 
izations. Yet such societal initiatives reduce 
carbon emissions, dampen environmental haz- 
ards, enhance public health, and expand eco- 
nomic mobility of marginalized communities. 
Moreover, reallocating municipal funds to ini- 
tiatives that aim to improve home ownership 
for minoritized communities reduces displace- 
ment and promotes local stewardship, which 
in turn affects overall public and environ- 
mental health. Such paradigm shifts will be 
essential, as accumulating evidence suggests 
that income inequality predicts biodiversity 
loss (63, 160). Centering racial and environ- 
mental justice that drives equitable policy 
changes is thus inextricably linked to urban 
conservation and ecological restoration ini- 
tiatives (157, 159). 

Improving green infrastructure and green- 
space access, paired with policies that shield 
against displacement, can greatly enhance com- 
munity health and wealth (54, 167). Exposure 
and access to quality natural space in cities 
improve physical and mental health (762) and 
buffer against health comorbidities experienced 
by minoritized groups (31, 92, 161). Justice- 
centered applications of ecological and evolu- 
tionary tools can further spotlight convergences 
among social inequities and environmental 
disamenities (e.g., ecological modeling of hab- 
itat sinks and sources) to identify areas of high 
conservation and restoration need. Equitable 
restoration of urban habitat patches and in- 
frastructure necessarily improves landscape 
connectivity and refugia to support successful 
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colonization of native species, guards against 
local extinctions, and increases urban biodi- 
versity (159). Hence, equity-based ecological 
restoration will benefit both human and non- 
human communities (163, 164), but only if the 
foundation of such initiatives are rooted in 
anti-racist practices (156, 165). The maintenance 
of societal integrity should, in turn, lead to 
capital gains for minoritized communities that 
translate to ecological stability that positively 
affects species diversity in cities. 

As urban ecologists and evolutionary biol- 
ogists, we have a responsibility to implement 
anti-racist strategies that evaluate systems of 
oppression in how we perform our science. 
This necessarily means eradicating efforts that 
perpetuate inequities to knowledge access, ne- 
glect local community participation, or exploit 
community labor in the pursuit of academic 
knowledge (i.e., the practices of colonial and 
“parachute” science). Concurrently, increasing 
representation of individuals of diverse iden- 
tities is inherently just and enhances our 
scholarship (166, 167). By directly including a 
diversity of scholars and incorporating an 
understanding of systemic racism and inequality, 
we can more holistically study urban ecosystems. 
We will not be able to successfully assess how 
racism and classism shape urban ecosystems, nor 
address their consequences, without a truly di- 
verse and inclusive scientific community. 


Outlook 


The decisions we make now will dictate our 
environmental reality for centuries to come, 
as illustrated by modern policies such as the 
Green New Deal proposal (168) and the Paris 
Agreement (169). Such endeavors are timely 
as we face a global pandemic that is both af- 
fected by and exacerbates the latent struc- 
tural inequities underpinning modern cities, 
directly threatening environmental health and 
biodiversity conservation (170, 171). Concur- 
rently, our contemporary fight for civil rights 
in the wake of unjust murders and continued 
racial oppression of Black and Indigenous 
communities stresses the need to question 
and abolish systemic racism. The insidious 
white supremacist structures that perpetuate 
racism throughout society compromise both 
public and environmental health, solidifying 
the need to radically dismantle systems of 
racial and economic oppression. 
Consequently, our capacity to understand 
urban ecosystems and nonhuman organisms 
necessitates a more thorough integration of 
the natural and social parameters of our cities. 
We cannot generalize human behavior in ur- 
ban ecosystems without dealing with systemic 
racism and other inequities. Further, incor- 
porating environmental justice principles into 
how we perform and interpret urban ecology 
and evolution research will be essential, with 
restorative and environmental justice serving 
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as the foundation for effective ecological re- 
storation and conservation (158, 159, 163). 
Doing so is both our civic responsibility and 
conservation imperative for advancing urban 
resiliency in the face of unrelenting global 


environmental change (172). 
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Looking at neurodevelopment through a big data lens 
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BACKGROUND: The formation of the nervous 
system represents an astonishing feat of self- 
organization that is compromised in neuro- 
psychiatric conditions such as autism and 
schizophrenia. Despite impressive progress 
in neuroscience over the past decades, our 
understanding of how billions of neurons come 
together to form the nervous system and enable 
function and behavior is in its infancy, especially 
when it comes to the human brain. However, 
the field is at a turning point. The introduction 
of new technologies that produce large volumes 
of high-resolution measurements—big data— 
has the potential to revolutionize the study of 
brain development. 


ADVANCES: A foundation of developmental 
neuroscience is the detailed and systematic 
description of the nervous system. New methods 
are documenting the cellular composition and 
organization of neural tissue with ever-increasing 
resolution. The development of high-throughput 
and automated microscopy methods is charting 
the connectivity of thousands of neurons, delin- 


eating the structure of whole regions of the 
nervous system. Technology is also emerging for 
the large-scale analysis of the activity of entire 
brain regions. But probably the most obvious 
impact of high-throughput techniques is in 
the development of single-cell molecular profil- 
ing. A variety of approaches are being used to 
produce genome-wide molecular surveys with 
single-cell resolution from adult and embryonic 
tissue. In particular, transcriptomic analyses of 
thousands to millions of cells are providing an 
unprecedented molecular characterization of 
the brain, revealing previously unrecognized 
cell types, allowing interspecies comparisons, 
and suggesting mechanisms that account for 
the developmental origin of the diversity and 
function of neural cell types. 

Most neuropsychiatric disorders have a 
prominent heritable component and arise from 
the altered developmental processes during 
the formation of the nervous system. Recent 
advances in human genetics are beginning 
to shed light on the genetic architecture of 
these disorders and suggest how genetic varia- 
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Big data approaches in developmental neurobiology. New technologies that produce large volumes of 
high-resolution measurements are documenting gene expression, connectivity, and function in the developing 
brain with an unprecedented level of detail. In combination with large-scale genetic studies, big data 
approaches are transforming our ability to interrogate the developing brain and identify causal mechanisms 


for its associated disorders. 
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tion confers susceptibility to disease. Large-scale 
sequencing studies have revealed causes that 
range from large-effect heterozygous mutations 
to highly polygenic conditions. In addition, the 
contribution of de novo somatic mutations to 
neurodevelopmental diseases is being recog- 
nized. Nevertheless, progressing from genetic 
findings to underlying biological mechanisms 
has proved challenging, not least because in 
many cases identifying the cells relevant to a 
disease process has been difficult. In this con- 
text, a convergence between neurogenetics 
and developmental neurobiology, driven by 
the increased resolution of the molecular and 
genetic assays, is likely to improve our under- 
standing of the origin of neurological disorders 
and provide insight into basic developmental 
mechanisms. 

Whereas new molecular and genomic tools 
contribute to the identification of plausible 
neurobiological mechanisms, methods based 
on the directed development of pluripotent 
stem cells offer experimental access to devel- 
oping human neural tissue to test hypotheses. 
Rapid progress is being made in the develop- 
ment of techniques that produce specific 
neural cell types or more complex mixtures 
of cell types that mimic the development of 
specific regions of the central nervous system. 
Questions remain about the accuracy of these 
in vitro models, and validation and refinement 
continue. Notwithstanding this uncertainty, 
the potential to study the etiology of neuro- 
logical disorders in human neural tissue is 
already providing important insights. 


OUTLOOK: New perspectives are emerging on 
long-standing questions about the ontogeny, 
composition, and function of the nervous sys- 
tem. They are addressing fundamental concep- 
tual questions, such as what constitutes a cell 
type, and revealing biological mechanisms 
responsible for neurological disorders. The 
comparison of nervous system development 
between multiple individuals could conceivably 
identify individual variation in, for example, 
neural connectivity patterns that underpin 
behavioral individuality and may enable the 
investigation of the complex biological mech- 
anisms underlying individuality. Certainly, in- 
tegrating data from anatomical, developmental, 
genetic, and molecular studies has the poten- 
tial to link cellular processes to functional and 
behavioral consequences. This strategy would 
provide fundamental insight and offer a new 
vision to the field. 
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Looking at neurodevelopment through a big data lens 
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The formation of the human brain, which contains nearly 100 billion neurons making an average of 
1000 connections each, represents an astonishing feat of self-organization. Despite impressive progress, 
our understanding of how neurons form the nervous system and enable function is very fragmentary, 
especially for the human brain. New technologies that produce large volumes of high-resolution 
measurements—big data—are now being brought to bear on this problem. Single-cell molecular profiling 
methods allow the exploration of neural diversity with increasing spatial and temporal resolution. 
Advances in human genetics are shedding light on the genetic architecture of neurodevelopmental 
disorders, and new approaches are revealing plausible neurobiological mechanisms underlying these 
conditions. Here, we review the opportunities and challenges of integrating large-scale genomics 


and genetics for the study of brain development. 


foundation of neuroscience is the de- 

scription of the nervous system. In 

recent years, new methods are docu- 

menting gene expression in human and 

animal models with ever-increasing reso- 
lution in space and time, and technology is 
emerging that allows the structural and func- 
tional dissection of neural circuits. This is 
beginning to provide an unprecedented mo- 
lecular characterization of the brain. At the 
same time, high-throughput genome sequenc- 
ing and large-scale genetic studies are revealing 
how genetic variation confers susceptibility to 
neuropsychiatric disorders, and methods based 
on pluripotent stem cells hold the potential to 
offer insight into the neurobiological basis of 
these conditions by providing experimental 
access to the developing human nervous sys- 
tem. The use of big data approaches is there- 
fore transforming our ability to document how 
cell diversity emerges in the nervous system, 
with implications for our understanding of neu- 
rodevelopmental disorders. A key challenge is 
to integrate molecular, cellular, and genomic 
data. For this, appropriate developmental mod- 
els will be needed so that emerging genetic 
findings yield mechanistic insight into the neu- 
robiological basis of neuropsychiatric disorders. 


Documenting the component parts 


The morphological identification of neuronal 
types and their connectivity has a long tradi- 
tion, dating back to Ramé6n y Cajal. The devel- 
opment of high-throughput light and electron 
microscopy methods and the increasing auto- 
mation of image analysis indicate that this 
field has entered the big data era, and progress 


‘The Francis Crick Institute, London NW1 1AT, UK. @Centre 
for Developmental Neurobiology, Institute of Psychiatry, 
Psychology and Neuroscience, King’s College London, 
London SE1 1UL, UK. 9MRC Centre for Neurodevelopmental 
Disorders, King’s College London, London SE1 1UL, UK. 
*Corresponding author. Email: james.briscoe@crick.ac.uk (J.B.); 
oscar.marin@kcl.ac.uk (O.M.) 


Briscoe et al., Science 869, eaaz8627 (2020) 


continues apace. Three-dimensional electron 
microscopy reconstructions of neuronal con- 
nectivity in the Drosophila melanogaster brain 
and regions of the mouse brain comprehen- 
sively chart the location and connectivity of hun- 
dreds to thousands of neurons (Fig. 1) (/, 2). 
This is providing insight into the logic of ner- 
vous system wiring. For example, a recon- 
struction of the D. melanogaster larval nervous 
system revealed an architecture in which mul- 
tiple sensory inputs converge to enable the 
rapid selection of escape responses (3). The 
speed and accuracy with which these massive 
datasets can be reconstructed are being im- 
proved by applying the latest machine learn- 
ing methods (4). A challenge now is to link 
detailed maps of morphology and connectivity 
to molecular identity, function, and develop- 
mental origin. 

To complement these structural plans of 
nervous systems, ways to scale physiological 
methods that assay the activity of neurons in 
situ are being developed. Advances in semi- 
conductor technology and fabrication have 
enabled engineering of high-density silicon 
probes that allow the simultaneous record- 
ing from hundreds of neurons at fine spatial 
and temporal scales (5). Complementary to 
this are optical imaging approaches that take 
advantage of voltage or calcium indicators 
for in vivo imaging of the activity of hundreds 
and thousands of neurons (6-8). This has al- 
ready allowed whole-brain imaging of optically 
accessible zebrafish larvae (9). Combining 
functional imaging with genetic markers for 
specific cell types in the zebrafish spinal cord 
tracked the assembly of motor circuits from 
the birth of the first neurons to the emer- 
gence of coordinated activity (10). The anal- 
ysis revealed that motor neurons are the first 
to acquire physiological activity, and this 
guides the establishment of patterned activity 
in the rest of the local circuitry, suggesting 
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an explanation for why motor neurons dif- 
ferentiate earlier and at a higher rate in the 
developing spinal cord than the interneurons 
to which they connect (77). Advances in hard- 
ware, fluorophores, and computational meth- 
ods will broaden the applicability of these 
approaches. 

Perhaps the most obvious impact of high- 
throughput techniques is in the development 
of single-cell molecular profiling. New methods 
allow single-cell resolution genome-wide mo- 
lecular surveys of cells captured from adult 
and embryonic tissue. A burgeoning number 
of studies describe the systematic profiling of 
the transcriptomes of thousands to millions of 
cells. Broad sampling of the nervous system 
(12-14) facilitates comparisons of gene expres- 
sion in neuronal subtypes from different re- 
gions of the central nervous system (CNS). 
This has implicated common transcriptional 
programs in the maintenance and elaboration 
of axons and presynaptic terminals in differ- 
ent neuronal subtypes (/4). Other studies focus 
on smaller regions to provide higher-resolution 
maps (15, 16), revealing that “phenotypic con- 
vergence,” in which distinct combinations of 
transcription factors are used in different cell 
types to control the expression of similar 
effector genes such as neurotransmitters, 
appears to be a widespread phenomenon (7). 
Detailed analyses of specific CNS regions also 
enable direct comparisons of cell identities 
across species (18) and the identification of 
more cell types than previously recognized, as 
shown, for instance in the rodent cerebral 
cortex (75). 

There is increasing awareness of the impor- 
tance of glia in the formation and function of 
neural circuits. Until recently, the diversity 
of these cell populations had been less well 
described, but single-cell RNA sequencing 
(scRNA-seq) studies are changing this. For 
instance, it has been shown that mature 
oligodendrocytes are transcriptionally het- 
erogeneous, and distinct populations are 
present in different proportions in different 
brain regions (19). Similarly, multiple molec- 
ularly distinct astrocyte types, occupying 
regionally restricted territories, have been 
identified (20). Distinct types of astrocytes 
are associated with specific neural circuits, 
which suggests unique roles in modulating 
neuronal activity (27). Moreover, single-cell 
analyses have revealed specific time- and 
region-dependent subtypes of microglia (22), 
brain-resident macrophages, which are crit- 
ically involved in wiring (23). 

Together, these molecular profiling ap- 
proaches raise the prospect of using the 
transcriptome to provide a comprehensive 
classification of cell types. This necessitates 
linking molecular identity to the location, mor- 
phology, connectivity, and function of neu- 
rons and glial cells. Conventional methods for 
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Fig. 1. Big data methods characterizing neuronal identity. Neurons can be classified by morphological, 
physiological, and molecular criteria and by their connectivity. Microfabricated silicon devices containing 
dense arrays of electrophysiology probes or genetically encoded voltage or calcium-activity indicators 
enable monitoring of the activity of hundreds of neurons simultaneously [traces adapted from (8)]. High- 
throughput electron microscopy and image processing allow the reconstruction of cellular morphology and 
synapses in regions of the central nervous system [image reproduced from (2)]. Combining the tagging of 
neurons with unique molecular barcodes and in situ methods to visualize them allows projections and 
connectivity of thousands of neurons to be mapped. Characterizing individual neurons by methods such as 
RNA-seq provides molecular catalogs of cell identity in the nervous system [image reproduced from (37), 


licensed under CC BY 4.0]. 


mapping gene expression in tissue have been low 
throughput. Newer approaches based on single- 
molecule fluorescent in situ hybridization (24), 
in situ sequencing (25), or spatially resolved 
capture of mRNA on slides (26) are scaling 
up efforts to connect the molecular identity of 
a neuron to its location within the nervous 
system. Methods that link a neuron’s tran- 
scriptome to other features such as its con- 
nectivity, activity, or function are still in their 
infancy. For example, “Patch-seq” uses scRNA- 
seq to assay the transcriptome of cells fol- 
lowing patch-clamp recording (27, 28), and 
“Connect-seq” combines retrograde viral trac- 
ing and single-cell transcriptomics to deter- 
mine the molecular identity of neurons in a 
particular circuit (29). Moreover, DNA barcod- 
ing methods that link synaptic partners have 
the potential to reveal individual neuronal con- 
nectivity, although these do not yet have single- 
cell resolution (30). Hence, high-throughput 
analyses linking cell identity to connectivity 
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and function remain a challenge. Ultimately, 
however, these methods will be crucial in 
deciphering how neural circuits form and 
function in a coordinated manner. 


Defining cell types 


Alongside the technical challenges, the new 
approaches prompt conceptual questions about 
the definition of cell type. The prevailing view is 
that each type of neuron utilizes a specific set 
of “functional modules” (e.g., morphology, neu- 
rotransmitter, channels, synaptic connectivity, 
etc.) that collectively define its identity and that 
are regulated by dedicated transcriptional pro- 
grams. A cell type is therefore determined and 
maintained by regulatory programs, or core 
regulatory complexes (37), acting to govern a 
cell type-specific program of gene expression 
(32). This definition is consistent with the idea 
that recursively linked gene regulatory networks 
execute specific gene expression programs to 
define cell identity (33). 
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But is knowing the transcriptome of a neu- 
ron sufficient to define its identity and predict 
its morphology, connectivity, and function? 
A comparison of the morphological, connec- 
tivity, and functional classification of the 302 
neurons of Caenorhabditis elegans with their 
gene expression profiles revealed a strong cor- 
relation between molecular and anatomical 
definitions (34). Most of the identified neuro- 
nal classes were distinguishable by the specific 
combination of transcription factors they ex- 
pressed. However, there are complications. The 
analysis revealed a hierarchical structure to 
neuronal identity in which some neuronal 
classes could be further partitioned into sub- 
classes based on differences in subsets of gene 
expression and synaptic partners. A hierarchi- 
cal organization with subdivisions of increas- 
ingly fine-grained subtypes is also apparent in 
nervous systems that are more complex than 
that of C. elegans. Perhaps the best-characterized 
example is the muscle-innervating motor neu- 
rons of the vertebrate spinal cord (35). These 
are segregated into discrete columns, each of 
which projects to distinct locations in the 
periphery. Each column is then further divided 
into motor pools that target a single muscle; 
within a motor pool, alpha and gamma neu- 
rons, innervating muscle fibers or spindles, 
respectively, can be further distinguished. Mo- 
lecular differences, notably in the combination 
of transcription factors expressed, correlate 
with these anatomical and functional distinc- 
tions and support a hierarchical Linnaean-like 
taxonomy for cell type classification (35). This 
is consistent with the view that cell types can 
be stratified to various levels of granularity: 
the extent of which then becomes a question 
of the purpose of the classification. 

Nevertheless, functionally and morphologi- 
cally distinct neurons located in different re- 
gions of the nervous system, or even within 
the same region of the adult brain, can appear 
transcriptionally similar (Fig. 2). This raises the 
question of what the limits of the molecular 
definition of cell type identity are. To address 
this, datasets systematically assessing the cor- 
respondence between neuronal morphology, 
function, and gene expression will provide in- 
sight. Developmental history is also likely to 
be an important feature. For example, although 
differentiating Drosophila olfactory projection 
neurons have gene expression differences that 
establish their different projection patterns, 
these transcriptomic differences disappear in 
mature neurons despite continued differences 
in innervation patterns and morphology (36). 
Hence an understanding and analysis of on- 
togeny is crucial for developing a principled 
and comprehensive means to define cell type 
identity. 

An evolutionary explanation has been pro- 
posed to define cell types (37). In this view, a new 
cell type arises in evolution from an existing cell 
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Fig. 2. Developmental and evolutionary lineages of neuronal subtype identity. (A) Example of a 
developmental lineage. Motor neurons (MN) are generated in both the spinal cord and hindbrain from 
progenitors with characteristic pedigrees that also include specific interneurons (V3) and serotonergic 
neurons (5HT), respectively. Despite the similarity of spinal cord and hindbrain MNs, they derive from distinct 
developmental lineages. (B) Example of the proposed evolutionary diversification of a neuronal subtype. 
Ancestral motor neurons are proposed to have had a medial motor column (MMC) identity; loss of expression 
of LHX3 in a subset of these resulted in the acquisition of hypaxial motor column (HMC) identity, and then 
subsequent co-option of FOXP1 gene expression produced lateral motor column (LMC) motor neurons that 


are responsible for innervating the limbs in tetrapods. 


type by the gain, loss, or co-option of a new core 
regulatory complex—the set of transcriptional 
regulators that lead to the dedicated gene ex- 
pression program that specifies the cell type (37) 
(Fig. 2). This implies a bifurcating hierarchy 
of cell types and emphasizes the importance 
of ontogeny in defining cell identity. Although 
this offers an elegant framework for cell type 
identity, it is possible that molecular demarca- 
tions between cell types are indistinct or that 
dynamic changes in gene expression, in re- 
sponse to activity or environmental cues, blur 
cell type definitions. Cross-species comparisons 
should provide insight into conserved identities 
and pinpoint the developmental and phyloge- 
netic points at which changes in a core regu- 
latory complex result in the emergence of a 
new neuronal subtype (37). Technical constraints 
will need to be overcome. Sequencing depth and 
sensitivity are currently limited, which may lead 
to the systematic loss of information, particularly 
of genes expressed at low levels. For example, 
downsampling data from the mouse cortex from 
1,000,000 to 100,000 mapped reads per cell 
reduces the ability to separate neuronal classes 
(15). Interspecies comparisons could be con- 
founded if sampling differences are conflated 
with ascertainment of identity. Conversely, 
current transcriptomic methods are destruc- 
tive and result in static snapshots of gene 
expression that do not account for transient 
changes in gene expression. This could lead 
to the agglomeration of distinct cell types or 
the superfluous division of similar neurons 
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into distinct subtypes. It remains a possibil- 
ity, however, that the absence of clear divi- 
sions between neuronal subtype identities is 
a reality and might reflect a fundamental 
property of nervous systems. Addressing this 
question will require further experimental 
and conceptual investigation, and this is of more 
than abstract interest because identifying neu- 
ronal subtypes is crucial for understanding the 
cellular basis of neuropsychiatric disorders. 


The ontogeny of neuronal diversity 


Although much progress in defining cell type 
diversity had been made with conventional 
molecular, genetic, and developmental biology 
studies, single-cell transcriptomics is having an 
impact. For instance, analysis of the developing 
spinal cord revealed a previously overlooked 
temporal program diversifying neuronal iden- 
tity that operates alongside the spatial program 
(38). Similarly, the transcriptional similarities 
of embryonic and adult cortical y-aminobutyric 
acid (GABA)-releasing interneurons suggest 
that their fate is established early during de- 
velopment by transcriptional programs that 
then unfold over the course of several weeks (39). 

There have been notable successes with the 
computational inference of differentiation tra- 
jectories from scRNA-seq datasets. At the heart 
of these methods is the idea that asynchrony 
within a population of cells means that some 
cells are further along a differentiation path- 
way than others and the trajectory of this path- 
way can be reconstructed by identifying and 
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order the transition from radial glia cells 
through intermediate progenitors to maturing 
glutamatergic neurons. This has led to the 
suggestion that cell fate decisions occur prior 
to S phase of the cell cycle (47), although recent 
data indicate that cell fate can also be modu- 
lated shortly after mitosis (42). Moreover, wide- 
spread “multilineage priming,” in which a 
progenitor cell coexpresses genes that are speci- 
fic to each of its molecularly distinct daughters, 
has been documented in C. elegans embryos (43). 

However, inferring trajectories is not always 
possible, particularly when there are abrupt 
changes in the transcriptional program of 
differentiating cells. This can occur, for exam- 
ple, during the transition from a proliferat- 
ing progenitor cell to a postmitotic neuron. 
Moreover, the multiplicity of cell types within 
any sample of neural tissue, which might have 
arisen from distinct lineages or a multiple- 
branching differentiation pathway (44), further 
confounds these methods. 

Approaches that address some of these 
limitations are being developed. These include 
computational methods that predict gene ex- 
pression changes from splicing information 
(45) and techniques that provide a temporal 
signature to facilitate the ordering of gene 
expression changes (46). In addition, high- 
throughput methods are being devised to 
allow lineage reconstruction. Conventional 
approaches to lineage reconstruction have 
relied on methods that indelibly mark a single 
cell and its progeny with a tracer that can later 
be visualized. The advent of single-cell profiling 
has facilitated the design of a new generation 
of techniques that rely on the introduction of 
molecular barcodes (47). Approaches include 
transposon-based libraries encoding a transcript 
harboring a random sequence that acts as a 
unique identifier, and systems based on the 
CRISPR-Cas9-mediated introduction of short 
insertions or deletions of variable length and 
position that act as heritable genetic changes. 
This latter strategy has revealed that although 
most individual embryonic progenitors gener- 
ate multiple cell types in the zebrafish brain, 
these tend to remain in relatively restricted 
spatial domains (48). 

In addition to experimentally introduced 
genetic barcodes, spontaneous somatic muta- 
tions provide information about lineage rela- 
tionships between cells. Somatic mutations in 
mitochondrial DNA have been used as clonal 
markers to infer cellular relationships within 
the hematopoietic system (49, 50). Advances 
in single-cell genome sequencing have allowed 
the identification of naturally occurring somatic 
mutations in neurons, including new retrotrans- 
position events, which occur at a rate of >1 
mutation per cell division (57). These can also 
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Fig. 3. Neurobiological interpretation of disease-associated gene variants. (A) Schematic representa- 
tions of polygenic risk and rare and de novo coding mutations. The Manhattan plot indicates hypothetical loci 
(red rhomboids) reaching genome-wide significance (red dashed line). (B) Functional annotation of noncoding 
variants involves uncovering regulatory effects and identifying target gene(s) (question marks). Gene targets can 
also be inferred through computational methods such as eQTL. For coding variants, annotation is primarily 
based on impact to the amino acid sequence. (€) Single-cell genomic approaches have accelerated the 
identification of relevant cell types expressing disease-associated genes during brain development. 


provide information about lineage relation- 
ships (52, 53). Exploiting endogenous muta- 
tions raises the possibility of inferring lineage 
relationships in the human brain, but this re- 
mains unproven, and the throughput, fidelity, 
and, most notably, cost of these methods will 
need to be improved if they are to become a 
practical reality. 

It is apparent that in some cases, neurons 
of the same class can have distinct lineage 
histories. The transcriptomes of the six sets 
of IL-1 and IL-2 neurons in C. elegans, which 
arise from distinct lineages, gradually con- 
verge to the same molecular signature (43). In 
vertebrates, the somatic motor neurons that 
reside in the hindbrain have a distinct de- 
velopmental history from those in the spinal 
cord but attain similar postmitotic identities 
(54). Likewise, oligodendrocytes through- 
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out the CNS transiently converge on a sim- 
ilar transcriptional identity despite spatially, 
temporally, and molecularly heterogeneous 
origins (55). Whether there are common fea- 
tures to the convergence of developmental 
trajectories in each of these cases needs to be 
investigated. 

It is also unclear whether the genomic 
regulatory landscapes that produce the tran- 
scriptomes of equivalent neuronal classes ori- 
ginating from distinct lineages are similar. 
The application of techniques such as single- 
cell ATAC-seq (assay for transposase-accessible 
chromatin using sequencing) and CUT&Tag 
(cleavage under targets and tagmentation) 
that profile the regulatory genome of individ- 
ual cells could address this question (56, 57). 
Identifying causal relationships between the 
regulatory genome and gene expression requires 
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overcoming the technical challenges of com- 
bining multiple assays on single cells (58, 59). 
Beyond insight into the mechanisms generat- 
ing particular cell types, determining the de- 
velopmental history of otherwise seemingly 
equivalent neuronal subtypes might explain 
why certain subsets of neurons are affected 
in particular disorders. Moreover, combining 
knowledge of cell lineage, developmental trajec- 
tory, and molecular mechanism has the potential 
to provide unprecedented insight into the central 
developmental neurobiology question of how 
neuronal diversity arises in the nervous system. 
The hope is that systematic analysis between 
different regions of the nervous system and 
different species might reveal rules that ex- 
plain the underlying logic to the acquisition 
and maintenance of neuronal identity. This is 
of course only the first step in the assembly of 
functional neuronal circuits, and the role of 
stochastic and activity-dependent mechanisms 
will need to be investigated alongside the genetic 
programs specifying cell type identity. 


The genetics of neurodevelopmental disorders 


In parallel to the explosion of data from mole- 
cular approaches, the field of neuropsychiatric 
genetics has seen spectacular advances over 
the past decade. Most neuropsychiatric dis- 
orders arise from the alteration of normal 
developmental trajectories and have a prom- 
inent heritable component, irrespective of the 
age at which they are clinically diagnosed (60). 
The genetic architecture of neurodevelopmental 
disorders is diverse, ranging from an abundance 
of large-effect heterozygous mutations in autism 
spectrum disorder (ASD) (67) to highly polygenic 
in schizophrenia, involving the simultaneous 
contribution of multiple alleles with small ef- 
fects (62). Many specific genetic associations are 
shared between multiple disorders with the 
same genetic variant responsible for different 
disorders in different individuals (63). In ad- 
dition, the contribution of de novo somatic 
mutations to neurodevelopmental diseases is 
increasingly recognized (64). 

Understanding the etiology of neuropsychiatric 
disorders has been difficult because in most 
cases there is no obvious neuropathology, and 
so the underlying biological mechanisms and 
the cells involved in the disease process are 
largely unknown (Fig. 3). In this context, com- 
bining genomics and transcriptomics may get 
us closer to identifying the cellular substrates 
of neuropsychiatric conditions such as ASD, 
in which large-effect, likely gene-disrupting 
coding mutations are relatively common. Bulk 
transcriptomics of the developing human brain 
revealed that ASD risk genes are abundantly 
expressed in certain brain regions (prefrontal 
and primary motor cortices, striatum, cerebel- 
lum, and medial dorsal nucleus of the thala- 
mus) particularly during early and mid-fetal 
periods (65, 66). Now, single-cell resolution 
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transcriptome atlases of these brain regions 
are allowing the identification of the specific 
cell types in which candidate genes are ex- 
pressed (67-69). Thus, the combination of ad- 
vanced genomics and transcriptomics may get 
us closer to defining the cellular points of 
convergence in neurodevelopmental disorders 
such as ASD (70). 

Identifying the relevant cell types or specific 
brain development events in neuropsychiatric 
conditions characterized by highly polygenic 
risk will be much more challenging. Genome- 
wide association studies (GWASs) have identified 
hundreds of common genetic variants—often 
in the form of single-nucleotide polymorphisms — 
that are statistically associated with increased 
risk in schizophrenia (62). Most variants do 
not directly identify the cause of the biological 
effect (Fig. 3). The linkage disequilibrium struc- 
ture of the human genome means that any 
GWAS variant usually has many hundreds of 
nearby variants, requiring fine mapping to 
define the causal polymorphism. Even once 
identified, there is often difficulty associating 
the causal variant with a gene and a function, 
as sequence differences most frequently occur 
in noncoding regions. Most common variants 
are far away from the nearest known gene or 
are located in non-protein-coding regions of 
the genome (77). Further hampering this effort 
is that much of the noncoding genome is 
evolutionarily divergent between humans and 
other species. Although initial attempts are 
encouraging (72), confidently associating spe- 
cific risk genes to specific genes and cellular 
populations in the developing brain is an enor- 
mous challenge. The unequivocal association 
of common risk variants to specific genes will 
require precise mapping of the interactions 
between regulatory elements and genes. 

Considering the complexity of transcrip- 
tional regulation in vertebrates and the three- 
dimensional structure of the genome, big data 
approaches are necessary to identify causal 
disease genes from GWASs. For example, many 
disease-associated variants seem to be enriched 
in predicted transcriptional regulatory regions, 
known as cis-regulatory elements (CREs). Com- 
putational methods are beginning to use 
epigenomic data to prioritize candidate causal 
variants. Encouragingly, cell and tissue-specific 
epigenomic analyses (chromatin accessibility, 
transcription factor binding, histone marks) 
suggest that common variants for a particu- 
lar disease are particularly enriched in CREs 
active in disease-relevant cell types (73). More- 
over, assays that identify chromatin loops and 
the interaction between gene-coding regions 
and putative regulatory elements further aid the 
interpretation of GWAS-identified alleles (74). 

Extending these studies to single-cell reso- 
lution, to identify regulatory element usage in 
defined cell types, will enhance the interpre- 
tation of regions identified by GWASs (Fig. 3). 
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In recent years, expression quantitative trait 
loci (QTL) analyses based on the integration 
of genetic information with bulk RNA-seq 
data have identified downstream expression 
changes caused by disease-associated genes 
(75). Because transcriptional alterations are 
often cell type-specific, the opportunity now 
arises to use scCRNA-seq to map eQTL across 
different cell types and developmental stages 
relevant for the disease process. Although 
such approaches are still in their early stages, 
proof-of-concept studies have demonstrated 
the feasibility of using scRNA-seq data for 
eQTL and gene regulatory network analyses 
(76). Notwithstanding the difficulties, it has 
been proposed that risk variants for schizo- 
phrenia are particularly abundant among genes 
that regulate the development and function of 
the synapse. The functional analysis of com- 
plement component 4 (C4), a protein that is 
abnormally increased in the brain of schizo- 
phrenia patients (77), represents one of the 
best examples so far linking common genetic 
variation to a neurodevelopmental mechanism 
in schizophrenia. C4 is encoded in humans by 
multiple structurally diverse alleles, and com- 
mon variation increases schizophrenia risk by 
increasing the amounts of a specific C4 form. 
In mice, C4 regulates synapse elimination 
during development (77), which implies that 
this important developmental process—known 
as synaptic pruning—is abnormally enhanced 
in the brain of schizophrenia patients. It should 
be emphasized, however, that the effect size of 
common variation in humans is very small (i.e., 
C4 which has the largest of the small effect 
sizes, is just one of hundreds of gene variants 
that collectively contribute a modest proportion 
of the overall disease risk), so it is difficult to infer 
the actual role of defective synaptic pruning in 
the disease process in the absence of independent 
functional validation of other risk variants or 
rare mutations associated with schizophrenia. 

One area where our understanding remains 
poor is the role of somatic mutations in neu- 
rodevelopmental disorders. Neurodevelopmen- 
tal disorders had been assumed to be caused by 
inherited or de novo germline mutations. How- 
ever, next-generation sequencing and single- 
cell sequencing technologies have revealed that 
the rate of somatic mutations is particularly 
high during neurogenesis (53) and may con- 
tribute to neurodevelopmental diseases. Indeed, 
whole-exome sequencing has found that so- 
matic mutations contribute to ~5% of ASD risk 
in families in which only a single individual has 
ASD (78). Further analyses that relate genomic 
alterations to transcriptomic changes and any 
abnormalities in cell function or brain devel- 
opment will be necessary to understand the 
contribution of somatic mutations to neuro- 
developmental disorders. 

Together, these observations highlight how 
a convergence between developmental neuro- 
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biology and neurogenetics, driven by the in- 
creased resolution of the molecular and genetic 
assays, is likely to improve our understanding 
of both basic developmental mechanisms and 
the origin of neurological disease. 


Modeling human brain development 


The identification of genes and cells associated 
with neurodevelopmental disorders is only the 
beginning of a tortuous path to link gene 
variation with specific neurobiological func- 
tions. Experimental approaches are essential 
to identify the in vivo function of candidate 
genes. Unfortunately, whereas classical loss- 
of-function approaches might be useful to un- 
ravel the function of gene-disrupting coding 
mutations, knockouts are less likely to recapit- 
ulate the functionally subtle polymorphisms 
that are common in complex neurodevelop- 
mental diseases, and animal models do not 
always recapitulate the social and cognitive 
deficits associated with human disorders. 
Nevertheless, large-scale phenotypic analyses 
of animal models carrying loss-of-function mu- 
tations in genes associated with common risk 
variants might be useful to identify functional 
convergence during brain development (79). 
Cell culture-based assays represent a trac- 
table and scalable approach for determining 
the function of particular genes and potential 
regulatory variants (Fig. 4). For example, human 
neurons derived from induced pluripotent stem 
cells (iPSCs) have been used to map gene regu- 
latory element interactions in vitro (80). Proto- 
cols for generating specific neuronal subtypes 
(8D allow the landscape of epigenomic regulation 
to be explored in relatively well-characterized, 
specific types of neurons; the disadvantage is 
that it remains to be determined whether the 
right type of cells are being interrogated, lead- 
ing to a circular problem. High-resolution 
molecular and genomic data from single-cell 
analyses provide a way to benchmark the 
similarity of in vitro-derived neurons to their 
in vivo counterparts (82, 83). More generally, 
neurons induced from patient-derived iPSCs 
or control iPSCs harboring engineered muta- 
tions can be used in cell biology and functional 
assays. For example, motor neurons derived 
from individuals with amyotrophic lateral 
sclerosis (ALS) caused by SOD1 mutations 
have been shown to display neurofilament 
aggregation and endoplasmic reticulum stress 
(84, 85), while glutamatergic cortical neurons 
differentiated from iPSCs derived from indi- 
viduals with SHANK3 haploinsufficiency, 
associated with ASD, exhibited decreased 
glutamatergic neurotransmission that was 
corrected by reintroducing SHANK3 expres- 
sion (86). Deriving neurons from iPSCs ob- 
tained from patients might currently be the 
only amenable way to investigate the func- 
tional consequences of highly polygenic risk 
traits (87). In addition, neurons derived from 
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Fig. 4. Modeling the impact of disease-associated gene variants in human brain development. 

(A) Human pluripotent stem cells (hPSCs) can be derived from somatic cells or embryonic stem cells 
(hESCs) and differentiated into distinct classes of neurons and glial cells. (B) The impact of disease- 
associated gene variants in neural development and function can be studied in vitro or through 
xenotransplantation in rodents. (©) hPSCs can also be used to derive brain organoids, with or without the 
use of patterning methods to direct the differentiation of specific classes of cells. Patterned brain organoids 
can be fused into “assembloids” to recreate regional features of brain development. (D) Single-cell 
genomic approaches can be used to benchmark the generation of relevant cell types in vitro by comparing 
transcriptional identities with those found in primary tissue. 


human pluripotent stem cells integrate into 
functional circuits when transplanted into 
the mouse brain (88-90). Xenotransplanta- 
tion is therefore a plausible methodology to 
study the formation and plasticity of neural 
circuits involving human neurons carrying 
specific mutations linked to neurodevelopmental 
disorders. For example, transplanted pyrami- 
dal projection neurons derived from individ- 
uals with Down syndrome exhibit substantial 
differences in synapse turnover in vivo compared 
with neurons derived from control iPSCs (97). 

Brain organoids are also emerging as a 
powerful alternative to investigate human 
brain development in vitro (92). These three- 
dimensional neural tissues grown in culture 
from human stem cells have the potential 
to overcome some of the limitations of two- 
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dimensional culture systems, as they seem 
to recapitulate at least some of the anatomical 
and cytoarchitectural characteristics of specific 
brain regions in vitro (Fig. 4). The fusion of 
distinct brain region-specific organoids into 
more complex “assembloids” has been adopted 
as an approach that bypasses the difficulties of 
simultaneously patterning different brain re- 
gions in vitro. These allow the analysis of long- 
range neuronal migration across brain regions 
and the formation of major axonal tracts (93-97). 

One issue that limits the use of brain orga- 
noids is that protocols for their generation have 
been prone to variable results. In this context, 
big data approaches are being used to validate 
organoids. Recent single-cell transcriptomic 
studies suggest that brain-region-specific or- 
ganoids can consistently generate a diversity 
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of cell types (98, 99). Whether this is fully re- 
presentative of primary tissue remains in con- 
tention, and it has been suggested that the 
activation of endoplasmic reticulum stress path- 
ways might compromise cell type specifica- 
tion, at least in some types of organoids (100). 
In spite of these caveats, organoids allow the 
exploration of early events in human brain 
development. For instance, organoids derived 
from a patient with microcephaly, caused 
by a mutation in the cell cycle-related gene 
CDK5RAP2, have a premature depletion of the 
progenitor pool and are smaller than those de- 
rived from controls (J07). Conversely, organoids 
engineered to carrying a mutation in the PTEN 
gene, which is found in patients with macro- 
cephaly, exhibit a marked increase in prolifera- 
tive cells, which results in abnormal overgrowth 
(102). These findings provide a foundation for 
the use of human brain organoids to investi- 
gate the mechanisms underlying polygenic 
and idiopathic developmental disorders. For 
example, transcriptional analysis of organoids 
derived from ASD patients with macrocephaly 
revealed consistent alterations in programs of 
gene expression associated with cell prolifera- 
tion and differentiation of inhibitory neurons 
(103). These defects seem to be largely caused 
by the abnormal up-regulation in the expres- 
sion of FOXGI, a gene crucial in forebrain 
patterning whose mutation causes an atypical 
form of Rett syndrome (104). Coordinated electri- 
cal activity has been observed in brain organoids 
(105-107), raising the prospect of modeling a 
range of neurological disorders and screening 
neuromodulatory drugs (107). Robust assays and 
rigorous controls will be crucial in experiments 
involving low-impact genes to overcome the 
inherent variability of organoids and differences 
between cell lines. The pleiotropy of many genetic 
variants implicated in neuropsychiatric disorders 
is an additional complication, but it might lead 
to unifying pathophysiological explanations by 
providing insight into the underlying cellular 
or molecular mechanisms. 

Organoids have emerged as a powerful way 
to explore early brain development in humans, 
but their validation depends on our ability to 
systematically assess how similar they are to 
the primary tissue. Developing standardized 
protocols, quality controls, and analytical ap- 
proaches will support this goal. At the moment, 
this comparison has been exclusively based on 
single-cell transcriptomic approaches, but we 
should ideally be able to integrate data across 
multiple levels of analysis (molecular, morpho- 
logy, physiology) to better define the limita- 
tions of this approach for understanding how 
neural circuits are established in humans under 
normal circumstances and in disease. 


Outlook 


New technology and ever-larger and higher- 
resolution datasets are providing new perspectives 
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on long-standing questions about the ontog- 
eny, composition, and function of the ner- 
vous system. Progress will depend not only on 
the acquisition and analysis of data but on 
their successful application to address funda- 
mental conceptual questions such as what con- 
stitutes a cell type. Similarly, it is unlikely that 
our understanding of the mechanisms underly- 
ing neuropsychiatric conditions will increase 
by simply identifying additional risk genes, 
especially if derived from GWAS associations. 
Consequently, methods to address the under- 
lying biological mechanisms must be a priority. 


The convergence of developmental neuro- 


biology and neurogenetics is an exciting prospect. 
Integrating data from anatomical, develop- 
mental, genetic, and molecular studies has the 
potential to link cellular processes to functional 
and behavioral consequences. The analysis of 
developmental trajectories using big data ap- 
proaches may enable the investigation of differ- 
ences among multiple individuals and ultimately 
the complex biological mechanisms underlying 
individuality (9, 48, 108). This would provide 
fundamental insight and offer a new vision to 
the field. 
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HDAC6 mediates an aggresome-like mechanism for 
NLRP3 and pyrin inflammasome activation 


Venkat Giri Magupalli*+, Roberto Negro*{, Yuzi Tian*, Arthur V. Hauenstein*, Giuseppe Di Caprio, 
Wesley Skillern, Qiufang Deng, Pontus Orning, Hasan B. Alam, Zoltan Maliga, Humayun Sharif, 
Jun Jacob Hu, Charles L. Evavold, Jonathan C. Kagan, Florian |. Schmidt, Katherine A. Fitzgerald, 


Tom Kirchhausen, Yongqing Lit, Hao Wut 


INTRODUCTION: Canonical inflammasomes are 
multicomponent protein complexes that play 
key roles in immune surveillance of infections 
and danger by activating caspase-1, which cleaves 
interleukin 18 (IL-1B) and the pore-forming 
protein gasdermin D, leading to cytokine mat- 
uration and pyroptosis. The nucleotide-binding 
domain, leucine-rich repeat, and pyrin domain- 
containing protein 3 (NLRP3) can be activated 
by the bacterial toxin nigericin, extracellular 
ATP, and various particulates such as mono- 
sodium urate (MSU) crystals, alum, silica, and 
amyloids, whereas the pyrin inflammasome 


Particulate agent 
(MSU, silica) 


Pore-forming 
agent (nigericin) 


can be stimulated by the Rho-glucosylation 
activity of Clostridium difficile toxin B. One 
important hallmark for inflammasome acti- 
vation is the formation of a single supramo- 
lecular punctum (also known as a speck) per cell. 
However, the location and trafficking of such 
puncta remain unknown. 


RATIONALE: To decode the site and the mo- 
lecular machinery in inflammasome assembly 
and activation in macrophages, we aimed to 
visualize inflammasome assembly by cellular 
imaging complemented by pharmacological 
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HDAC6- and microtubule-dependent assembly and activation of NLRP3 and pyrin inflammasomes. 
Multiple stimuli for NLRP3 (MSU, silica, nigericin, and ATP) and pyrin (Rho GTPase modification) are shown on the 
top part of the cell. NLRP3 and pyrin inflammasome components are represented in pink and light blue, 
respectively. NLRP3 inflammasome assembly may involve two steps: initial oligomerization at the TGN and 
further assembly into a single punctum with the centrosomal kinase NEK7, the adaptor ASC, and caspase-1 at 
the MTOC. The latter is achieved after being retrograde transported on the microtubule by the HDAC6-dynein 
machinery. Pyrin inflammasome activation also requires HDAC6, dynein, and microtubules. Assembled 
inflammasomes at the MTOC are subject to degradation by autophagy in a manner similar to aggresomes that 
degrade pathological aggregates. [Figure was created with BioRender (https://BioRender.com).] 
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inhibition and targeted deletion in cells and 
in mice. 


RESULTS: We found that NLRP3 and pyrin in- 
flammasomes are assembled at the centrosome, 
also known as the microtubule-organizing cen- 
ter (MTOC), of each cell, which serves as the 
major site for caspase-1 activation and IL-1p 
conversion. Pharmacological inhibitors of micro- 
tubule polymerization, dynein ATPase and the 
dynein adaptor histone deacetylase 6 (HDAC6), 
and targeted deletion or knockdown of Hdac6 
compromised the assembly and activation of 
these inflammasomes. Reconstitution of Hdac6 
macrophages showed that the ubiquitin-binding 
ability of HDAC6, but not its deacetylase ac- 
tivity, is required for NLRP3 and pyrin inflam- 
masome activation. In mice, Hdac6 deficiency 
reduced lipopolysaccharide- and MSU-induced 
inflammation to a similar extent as direct NLRP3 
inhibition, which demonstrates the requirement 
of HDAC6 and the microtubule retrograde trans- 
port machinery for NLRP3 activation. By con- 
trast, AIM2 and NLRC4 inflammasome puncta 
do not localize at the MTOC, and these inflam- 
masomes do not require microtubule retrograde 
transport for their activation. Thus, our studies 
revealed a specific mechanism of inflammasome 
activation for NLRP3 and pyrin. 

For the NLRP3 inflammasome, MTOC lo- 
calization may facilitate association with the 
centrosome-localized kinase NEK7 to enhance 
inflammasome assembly. We found that in 
Hdaco!'~ macrophages, NLRP3 is trapped as 
small speckles at the trans-Golgi network (TGN), 
a previously recognized common site for NLRP3 
association upon induction by multiple NLRP3 
stimulators. These data suggested that HDAC6- 
mediated microtubule transport delivers NLRP3 
from TGN to the MTOC. The NLRP3 inflamma- 
some formed at the MTOC colocalizes with LC3b, 
an autophagy marker, and an autophagy inhib- 
itor enhances NLRP3-induced IL-1f secretion. 


CONCLUSION: Our study reveals an unexpected 
parallel between HDAC6-dependent assembly 
of NLRP3 and pyrin inflammasomes and the 
formation of aggresomes at the MTOC for 
autophagic degradation of ubiquitinated path- 
ological aggregates. The dual activating and 
inhibiting roles played by the MTOC localiza- 
tion of NLRP3 and pyrin inflammasomes may 
be critical for achieving balanced inflamma- 
some regulation. 
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HDAC6 mediates an aggresome-like mechanism for 
NLRP3 and pyrin inflammasome activation 
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Inflammasomes are supramolecular complexes that play key roles in immune surveillance. This is 
accomplished by the activation of inflammatory caspases, which leads to the proteolytic maturation of 
interleukin 1p (IL-1B) and pyroptosis. Here, we show that nucleotide-binding domain, leucine-rich repeat, 
and pyrin domain-containing protein 3 (NLRP3)- and pyrin-mediated inflammasome assembly, caspase 
activation, and IL-1f conversion occur at the microtubule-organizing center (MTOC). Furthermore, the 
dynein adapter histone deacetylase 6 (HDAC6) is indispensable for the microtubule transport and 
assembly of these inflammasomes both in vitro and in mice. Because HDAC6 can transport ubiquitinated 
pathological aggregates to the MTOC for aggresome formation and autophagosomal degradation, its role 
in NLRP3 and pyrin inflammasome activation also provides an inherent mechanism for the down- 
regulation of these inflammasomes by autophagy. This work suggests an unexpected parallel between 


the formation of physiological and pathological aggregates. 


nflammasomes play important roles in 
cytosolic host defense (/-5). Architectur- 
ally, canonical inflammasomes are com- 
posed of an upstream sensor, an adapter, 
and the downstream caspase-1 (6). By con- 
trast, in noncanonical inflammasomes, when 
bacterial lipopolysaccharide (LPS) gains access 
to the cytosol, it directly engages and activates 
caspase-4 and -5 in humans and caspase-11 in 
mice (7). Nucleotide-binding domain, leucine-rich 
repeat, and pyrin domain-containing protein 3 
(NLRP3) constitutes an extensively studied 
inflammasome sensor, which can be activated 
by diverse stimuli including the bacterial pore- 
forming toxin nigericin, extracellular ATP, and 
various particulates such as monosodium urate 
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(MSU) crystals, alum, and silica (2-4). Activated 
NLRP3 recruits the apoptosis-associated speck- 
like protein containing a CARD (ASC), which 
in turn recruits caspase-1 (Fig. 1A). Absent in 
melanoma 2 (AIM2) and pyrin are sensors for 
two other ASC-dependent inflammasomes. 
AIM2 is activated by cytosolic double-stranded 
DNA (dsDNA), and pyrin can be stimulated 
by Rho-glucosylation activity of Clostridium 
difficile toxin B (TcdB) (2, 7) (Fig. 1A). The 
NLR family CARD-containing protein 4 (NLRC4) 
can form an inflammasome with or without 
ASC upon complex formation with an NLR 
family apoptosis inhibitory protein (NAIP), 
which directly senses bacterial flagellin or 
type III secretion system proteins (7-5). The for- 
mation of inflammasomes leads to proximity- 
induced caspase dimerization, activation, 
and autoprocessing. Caspase-1 cleaves pro- 
interleukin 18 (pro-IL-1B) and pro-IL-18 to 
generate the mature cytokines, and caspase-1, 
-4, -5, and -11 can proteolytically activate 
gasdermin D to form membrane pores for 
cytokine release and pyroptosis (2-4, 8-I0). 
Dysregulated inflammasome activity has been 
implicated in numerous human diseases, in- 
cluding hereditary autoinflammatory syndromes 
and common conditions such as gout, diabetes, 
atherosclerosis, Alzheimer’s disease, and colorec- 
tal cancer (2-5). 


NLRP3 and pyrin inflammasomes, but not the 
AIM2 inflammasome, localize at the MTOC 


An intriguing observation has been that many 
inflammasomes assemble into a single major 
perinuclear punctum in each activated cell 
(11, 12). The singularity and perinuclear nature 
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of an inflammasome punctum led us to investi- 
gate its connection, if any, with the centrosome, 
which also acts as the microtubule-organizing 
center (MTOC) in eukaryotic cells and is peri- 
nuclear and punctate in appearance. We used 
both the human monocytic cell line THP-1 and 
immortalized mouse bone marrow-derived 
macrophages (iBMDMs), which endogenously 
express NLRP3 and other inflammasome com- 
ponents. NLRP3 and ASC colocalized with the 
centrosomal markers ninein and y-tubulin 
(GTU) (23) upon priming by LPS and activa- 
tion by MSU or nigericin (Fig. 1, B and C, and 
fig. S1, A to C). When THP-1 cells were stim- 
ulated with MSU, 88.5% (62/70 cells) showed 
colocalization between ASC and ninein. By 
contrast, only 1.4% (1/70 cells) lacked apparent 
colocalization. The location of the remaining 
ASC puncta could not be determined because 
of the lack of corresponding ninein staining. 
Similarly, 80% (40/50) of MSU-stimulated 
THP-1 cells exhibited ASC colocalization with 
GTU, 4% (2/50 cells) showed no colocalization, 
and the remaining 16% (8/50) showed no vis- 
ible GTU staining. NEK7, a member of the 
NIMA-related kinase (NEK) family, which pre- 
dominantly resides at the MTOC and is re- 
quired for NLRP3 inflammasome activation 
(14-16), also colocalized with ASC and GTU 
(fig. SID). The specificity of anti-NLRP3 and 
anti-ASC antibodies was thoroughly validated 
(figs. S1, E and F, and S2). Thirty minutes after 
nigericin stimulation, robust caspase-1 process- 
ing (fig. S3, A and B) and IL-16 secretion (fig. 
S3C) were observed. 

In addition to NLRP3 and ASC, IL-1f also 
localized at the inflammasome puncta (fig. $3, 
D and E). Labeling of active caspase-1 by FAM- 
FLICA (17) showed that in 9% (2/22) and 18% 
(4/22) of cells, respectively, active caspase-1 
completely and partially colocalized with the 
ASC puncta (fig. S3F, examples 1 and 2). In 
most cells (73%, 16/22), active caspase-1 sur- 
rounded the ASC punctum (fig. S3F, example 
3), suggesting that caspase-1 is first activated 
at an inflammasome punctum by dimeriza- 
tion and then released into the cytosol upon 
autocleavage from the N-terminal CARD pro- 
domain. Thus, NLRP3 inflammasome puncta 
at the MTOC may serve as a major site for both 
caspase-1 activation and IL-1B conversion. 

We attempted to visualize NLRP3 inflam- 
masome activation using live-cell imaging of 
fluorescent protein-fused ASC. However, unlike 
wild-type (WT) cells, nigericin stimulation in- 
duced an iBMDM cell line stably expressing 
ASC-mRuby3 and a THP-1 cell line expressing 
ASC-TagRFP-T to form puncta distinctly away 
from the MTOC marked by SiR-tubulin, a live- 
cell fluorogenic probe for microtubules (fig. S4, 
A to C, and movie S1). By contrast, an iB MDM 
cell line stably expressing Flag-ASC showed 
that the main puncta formed upon nigericin 
stimulation, which were visualized by anti-Flag 
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Fig. 1. NLRP3 and pyrin inflammasomes, but not the AIM2 inflammasome, 
colocalize with the MTOC. (A) The NLRP3, pyrin, and AIM2 inflammasome 
pathways triggered by nigericin or MSU, TcdB, and dsDNA, respectively. As 
shown below, NLRP3 and pyrin inflammasome puncta localize at the MTOC. 
Inflammasome activation culminates in pro—caspase-1 and pro-IL-1f processing. 
Upward arrows indicate processing sites. (B) Immunofluorescence images 
showing the colocalization of NLRP3 and ASC puncta with the centrosomal algorithm corresponding to a single optical plane section. The arrows 
markers ninein and GTU in THP-1 cells. Blue represents nuclear staining by highlight the MTOC and the nearby locations where IL-IB was recruited. 
Hoechst 33342. (C) Line scan of intensity distribution profiles of puncta a, b, and 
c from (B). (D and E) Live-cell images of iBMDM-Casp-1 (D) and iBMDM-IL- 

B (E) at 30 min (top panel) and 60 min (bottom panel) after nigericin 
stimulation showing colocalization of inflammasome puncta (depicted by 
mNeonGreen) with the MTOC (depicted by SiR-Tubulin staining that labels the 
microtubule network). (F) FRET analysis of caspase-1 cleavage and IL- 

B processing at MTOC as a function of time for areas inside and outside the 
puncta in iBMDM-Casp-1 (left) and iBMDM-IL-1B (right) cells. FRET was 
calculated by dividing the FRET channel fluorescence intensity (donor 


immunofluorescence, coincided with the MTOC 
(fig. S4D), suggesting that the green fluorescent 
protein (GFP) family of tags may have led to 
nonphysiological localization of ASC. Conse- 
quently, we did not use ASC for live-cell imaging 
of inflammasomes. Instead, we used iB MDM 
stable cell lines expressing fluorescent protein- 
fused pro-caspase-1 (iBMDM-Casp-1) or pro- 
IL-18 GBMDM-IL-1f). 

To track both location and cleavage, a fluo- 
rescence resonance energy transfer (FRET) 
pair, mTurquoise2 (mTur) at the N terminus 
and mNeonGreen (mNG) at the C terminus, was 
fused together (fig. S5A). Both pro-caspase-1 and 
pro-IL-18 formed puncta at the MTOC upon 
nigericin stimulation (Fig. 1, D and E; fig. S5, B 
and C; and movies S2 and S3). For some cells, we 
also observed signal trails from the inflamma- 
some puncta that matched the microtubule 
staining pattern (Fig. 1D, 60 min), suggesting 
trafficking of inflammasome complexes on the 
microtubule network. Three-dimensional (3D) 
lattice light-sheet microscopy (LLSM) (78) of 
nigericin-stimulated iBMDM-IL-1f cells at 12 
and 23 min after treatment, respectively, fur- 
ther revealed that IL-1B was recruited to a re- 
gion in close proximity to but not overlapping 
with the MTOC (Fig. 1, G and H, and movie S4). 
For both iBMDM-IL-1$ and iBMDM-Casp-1 
cells, FRET signals inside the puncta were high 
at the beginning, consistent with tethered FRET 
pairs, but decreased significantly with time, 
consistent with proteolytic processing (Fig. IF). 
By contrast, the FRET signals outside the puncta 
stayed high (Fig. 1F). Thus, it is upon recruit- 
ment to the MTOC that pro-caspase-1 and pro- 
IL-18 are processed and activated. 

To activate the AIM2 inflammasome, iBMDM- 
Casp-1 and iBMDM-IL-18 cells were transfected 
with dsDNA. Unlike NLRP3 stimulation, the 
puncta induced by AIM2 activation did not 
colocalize with the MTOC despite the depen- 
dence on ASC that was similar to that of NLRP3 
(Fig. 1, I and J). By contrast, when iBMDM- 
Casp-1 and iBMDM-IL-1f cells were stimulated 
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MTOC in iBMD 


with TcdB to activate the pyrin inflammasome, 
activation-induced puncta colocalized with the 
MTOC (Fig. 1, K and L, and movies S5 and S6). 
Similarly, immunofluorescent staining with 
anti-pyrin, anti-ASC, and anti-ninein antibodies 
confirmed the MTOC localization of the pyrin 
inflammasome (fig. S6). 


Microtubule retrograde transport by HDAC6 
is important for NLRP3 and pyrin 
inflammasome activation 


A major cellular mechanism for the clearance 
of ubiquitinated protein aggregates, which 
are too large to be effectively degraded by the 
ubiquitin proteasome pathway, requires retro- 
grade transport by the dynein adapter and the 
a-tubulin deacetylase HDAC6 to form aggre- 
somes at the MTOC for degradation by au- 
tophagy (19-23). The aggresome pathway is 
thought to play an important role in the reg- 
ulation of protein aggregation diseases such 
as Alzheimer's disease and age-related mac- 
ular degeneration (19, 21). Viruses including 
the influenza A virus are known to subvert 
the host aggresome pathway by forming 
viral inclusions at the MTOC in an HDAC6- 
dependent manner to facilitate replication 
and assembly (24, 25). The MTOC localization 
of NLRP3 and pyrin inflammasome puncta, 
their aggresome-like meshwork morphology 
(26), and ubiquitination of NLRP3 inflamma- 
some components (27-30) suggest a possible 
link between inflammasomes and aggresomes. 

To test the effects of HDAC6 and micro- 
tubule retrograde transport inhibition on NLRP3 
function, we pretreated LPS-primed iBMDM- 
Casp-1 and iBMDM-IL-1§ cells with microtubule, 
dynein, and HDAC6 inhibitors (37-33). Nigericin 
stimulation in iBMDM-Casp-1 and iBMDM- 
IL-1B cells pretreated with these inhibitors 
invariably failed to induce the generation 
of puncta. By contrast, untreated nigericin- 
stimulated cells readily formed puncta (fig. 
87, Aand B). Inhibitor pretreatment of WT 
iBMDMs markedly decreased nigericin-induced 
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excitation with acceptor emission) with mTurquoise2 channel fluorescence 
intensity (donor excitation with donor emission). Data are shown as mean + 
SD for n = 10 to 15 cells. (G@ and H) Recruitment of IL-18 to a region in 
proximity to the MTOC imaged using 3D LLSM. iBMDM-IL-1 cells stained 
with SiR-Tubulin were exposed to nigericin for 12 min (G) and 23 min (H). 
(a to c) Representative images deconvolved using the Richardson-Lucy 


(d to f) Enlarged images of the regions indicated by the arrows. 

(I and J) Lack of colocalization of AIM2 inflammasome puncta with the 
-Casp-1 (I) and iBMDM-IL-1p (J) cells activated by dsDNA for 
6 hours. (K and L) Colocalization of pyrin inflammasome puncta with the 
MTOC in iBMDM-Casp-1 (kK) and iBMD 
toxin for 1 hour. Images are representative of three or more independent 
experiments, and arrowheads indicate puncta or MTOC [(B), (D), (E), and (G) 
to (L)]. Scale bars: 10 um [(B), (D), (E)], 5 um [(G), (a) to (c); (H), (a) to (c); 
and (I) to (L)], and 1 um [(G), (d) to (f), and (H), (d) to (f)]. 


-IL-1B (L) cells activated by TcdB 


caspase-1 processing (Fig. 2A), propidium iodide 
(PI) permeability (Fig. 2B), and IL-1f release 
(Fig. 2C and fig. S7C) without affecting nuclear 
factor «B-dependent priming as measured by 
tumor necrosis factor o (TNFa) secretion (fig. 
S8A). Dynamitin (also known as p50) is a sub- 
unit of the dynactin complex important in 
dynein function, the overexpression of which 
disrupts dynein-dependent transport (34). Sta- 
ble expression of mRuby3-fused dynamitin in 
iBMDM-Casp-1 and iBMDM-IL-If cells severely 
compromised nigericin-induced punctum for- 
mation without affecting the MTOC localization 
of NEK7 (figs. S7, A and B, and S8B and movie 
S7) and caused defective caspase-1 processing, PI 
permeability, and IL-18 secretion (fig. S8, C to E). 
Thus, the microtubule-dynein machinery and 
the HDAC6 adapter both appear to be essential 
for NLRP3 inflammasome activation. 

Our data contradict a previous report that 
increased a-tubulin acetylation upon NLRP3 
stimulation is responsible for dynein-dependent 
microtubule-mediated assembly of the NLRP3 
inflammasome (35). Treatment with the HDAC6 
inhibitors tubastatin A, rocilinostat, and tubacin 
markedly increased a-tubulin acetylation. How- 
ever, instead of increasing NLRP3 inflamma- 
some activation, this treatment inhibited it 
(Fig. 2, A and D). MCC950, a control NLRP3 
inhibitor that interferes with NLRP3 oligo- 
merization (36), did not alter o-tubulin acety- 
lation but potently impeded NLRP3 activation 
(Fig. 2D). Thus, retrograde transport by HDAC6 
on the microtubule network aids NLRP3 and 
pyrin inflammasome activation independently 
of a-tubulin acetylation. 

We investigated the effects of pharmacological 
inhibition and dynamitin overexpression in 
other inflammasomes. Consistent with the co- 
localization of the pyrin inflammasome with 
the MTOC, treatment with microtubule, dynein, 
and HDACG6 inhibitors or dynamitin expression 
hindered TcdB-induced punctum formation 
(fig. S9, A to D) and compromised TcdB-induced 
caspase-1 processing, PI permeability, and 
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Fig. 2. Microtubule retrograde transport is required for the activation of and 40 uM) or the NLRP3 inhibitor MCC950 (left to right: 0.1, 0.5, 1, 10, and 


20 uM). Anti-acetylated a-tubulin and anti-B-actin immunoblots are shown for 
tubulin acetylation and as the loading control, respectively. (E to G) Pyrin 
nflammasome activation under various pharmacological conditions analyzed by 
caspase-1 processing (p20) (E), Pl permeability (F), and secreted IL-16 (G). (H to 
J) AIM2 inflammasome activation under various pharmacological conditions 
analyzed by caspase-1 processing (p20) (H), Pl permeability (I), and secreted IL- 
1p (J). Data are shown as the mean + SD for three or four wells from three or 
more independent experiments. 


NLRP3 and pyrin inflammasomes but not the AIM2 inflammasome. (A to C) 
NLRP3 inflammasome activation under various inhibition conditions analyzed by 
caspase-1 processing (p20) (A), quantification of Pl permeability by flow 
cytometry (B), and secreted IL-1B quantified by ELISA (C). Colchicine and 
nocodazole are microtubule polymerization inhibitors; ciliobrevin A is a dynein 
ATPase inhibitor; and rocilinostat, tubacin, and tubastatin A are HDAC6 
inhibitors. (D) Caspase-1 processing (p20) upon NLRP3 inflammasome activation 
with pretreatment of increasing concentrations of tubacin (left to right: 5, 10, 20, 


NLRP3 inflammasome (35). In contrast to 
the NLRP3 and pyrin inflammasomes, neither 


IL-1f release (fig. S8, C to E, and Fig. 2, E to G). 
It is possible that the pyrin inflammasome is 


lower concentrations of colchicine (1 to 4 uM) 
inhibited the pyrin inflammasome alone 


even more sensitive to microtubule transport 
inhibitors than the NLRP3 inflammasome. 
This is reflected in previous studies in which 
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(37, 38), whereas higher concentrations of 
colchicine (5 to 15 uM), as in the present 
study (10 uM), affected both the pyrin and 
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pharmacological treatment nor dynamitin ex- 
pression inhibited dsDNA-induced AIM2 in- 
flammasome punctum formation (fig. S10, A 
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to D), caspase-1 processing, cell death, or IL- 
1B secretion (Fig. 2, H to J, and fig. S8, C to E), 
consistent with its failure to colocalize with 
the MTOC. Thus, HDACG6 is important for the 
activation NLRP3 and pyrin inflammasomes 
but not the AIM2 inflammasome. 


HDAC6 targeting compromises NLRP3 
inflammasome activation 


To further investigate the role of HDAC6 in 
inflammasome activation, we generated an 
HDAC6-deficient iBMDM cell line (Hdaco™ / ~) 
using the CRISPR/Cas9 system (39). Genomic 
polymerase chain reaction (PCR) confirmed 
that the targeting resulted in an internal de- 
letion of the Hdacé6 gene (fig. S11A) and lack 
of HDAC6 protein expression (Fig. 3A). Normal 
physiology of Hdacé /- iBMDMs was reflected 
in the unperturbed centrosome structure (fig. 
SIIB), NEK7 distribution at the centrosome (fig. 
S11C), and transferrin uptake (fig. S11, D and E). 
HDACG6 deficiency also did not affect the ex- 
pression of NLRP3, pyrin, ASC, pro-caspase-1, 
or pro-IL-1f upon LPS priming (fig. S11, F and 
G). However, the absence of HDAC6 resulted in 
markedly reduced caspase-1 cleavage (Fig. 3B), 
PI permeability (Fig. 3C), IL-18 secretion (Fig. 
3D), and punctum formation (movies S8 and 
S9) upon nigericin stimulation. 

To test the possibility that HDAC6 may have 
arole in ligand accessibility for NLRP3 stimuli 
that require endocytosis, we used several ad- 
ditional NLRP3 ligands. These included ATP, 
which directly engages its cell surface P2X7 
receptor and should not depend on cellular 
uptake, as well as silica and alum, which are 
NLRP3-activating particulates and may require 
ligand accessibility. HDAC6 deficiency impaired 
caspase-1 cleavage, PI permeability, and IL-1p 
secretion after both ATP (fig. S12A) and silica 
and alum stimulation (fig. S12B). Additionally, 
puncta were formed upon treatment with all 
these ligands, whereas few puncta were ob- 
served in similarly treated Hdac6 /- iBMDMs 
(fig. S13, A to C). Thus, HDAC6 dependency 
exists for a broad range of NLRP3 activators 
regardless of their exact mechanism of action. 

To corroborate the Hdac6 /~ studies, we 
knocked down the expression of HDAC6 RNA 
and protein using small interfering RNA (siRNA) 
and the Trim-Away system (40), respectively. 
Seventy-two hours after iBMDMs were trans- 
fected with siRNA, HDAC6 was knocked down 
(fig. S14A) and iBMDMs exhibited markedly 
reduced nigericin-stimulated caspase-1 activa- 
tion (fig. S14A), cell death (fig. S14.B), and IL-1B 
secretion (fig. S14C). Similarly, electroporation 
of anti-HDAC6 antibody into TRIM21-iBMDMs 
resulted in substantial HDAC6 degradation af- 
ter 24 hours (fig. S14D) and reduced caspase-1 
processing (fig. $14D), PI permeability (fig. 
S14E), and IL-1B secretion (fig. S14F) after 
nigericin stimulation. By contrast, a previ- 
ous study using small hairpin RNA (shRNA) 
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targeting HDAC6 showed modestly enhanced 
NLRP3 inflammasome activation in iBMDMs 
compared with a scrambled shRNA (47). How- 
ever, no untreated iB MDMs were used as a 
control and it is unclear whether these shRNAs 
had off-target effects. Thus, these data further 
support the hypothesis that HDAC6 plays 
an important role in NLRP3 inflammasome 
activation. 


HDAC6 ubiquitin-binding domain, but not 
deacetylase activity, is required for NLRP3 
activation 


We reconstituted Hdac6'~ iBMDMs with hu- 
man WT HDACG6 and its deacetylase catalytic 
mutant H216A/H611A (DA) (42) (Fig. 3E and 
fig. SI5A). WT HDAC6 rescued caspase-1 acti- 
vation upon nigericin stimulation (Fig. 3F). 
Unexpectedly, the deacetylase activity was 
not required to support NLRP3 inflamma- 
some activation because the HDAC6 DA also 
restored NLRP3 inflammasome activation, as 
shown by caspase-1 processing (Fig. 3G), PI 
permeability (fig. SI5B), and IL-1B secretion 
(fig. SI5C). The effects of small-molecule HDAC6 
inhibitors on inflammasome activation may be 
due to the inability of inhibitor-bound HDAC6 
to interact with dynein (42, 43). Indeed, WT 
HDACG6-reconstituted Hdac6/~ iB MDMs were 
sensitive to the HDAC6 inhibitor rocilinostat. 
By contrast, HDAC6 DA-reconstituted Hdac6 
iBMDMs were insensitive to rocilinostat (Fig. 
3H) because the inhibitor binding requires an 
intact active site. The a-tubulin deacetylase 
activity of HDAC6 is also not required for 
HDACG6- and microtubule-mediated chemo- 
taxis of T lymphocytes (44), whereas mis- 
folded protein-induced aggresome formation 
appeared to require this catalytic activity (22). 
Thus, HDAC6 supports NLRP3 inflammasome 
activation by its scaffolding role in dynein- 
mediated transport without the need for its 
catalytic activity. 

The C-terminal region of HDAC6 contains 
a zinc-finger domain for ubiquitin interaction 
(20). We reconstituted Hdacé /- iBMDMs with 
the zinc-coordinating mutant H1160/H1164A 
(Ub]) and ubiquitin-binding site mutant W1182A 
(Ub2) (Fig. 3E and fig. S15A). Both mutants 
failed to rescue NLRP3 inflammasome activa- 
tion shown by caspase-1 processing (Fig. 3G), 
PI permeability (fig. S15B), and IL-1B secretion 
(fig. S15C). Live-cell imaging of Hdac6”- iBMDM- 
Casp-1 cells transiently transfected with mRuby3- 
fused WT human HDAC6 showed a correlation 
between HDAC6 expression and punctum for- 
mation. Only cells with detectable HDAC6 ex- 
pression formed puncta (Fig. 3I and movie S10). 
Furthermore, Hdaco™!~ iBMDM-Casp-1 and 
iBMDM-IL-If cells stably reconstituted with 
WT and DA mutant of mRuby3-HDACE6 res- 
cued punctum formation, whereas those trans- 
fected with the zinc-finger mutants did not 
(Fig. 3J, fig. S15D, and movies S11 to S18). 
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Rocilinostat inhibited punctum formation in 
WT HDAC6 reconstituted Hdac6/~ iB MDM- 
Casp-1 cells (Fig. 3J). Furthermore, NLRP3 ac- 
tivation by ATP, silica, and alum, as shown by 
PI permeability (fig. S16) and punctum forma- 
tion (fig. S17), had the same dependence on the 
ubiquitin-interacting domain. Thus, HDAC6’s 
ubiquitin-binding function is essential for its 
role in the NLRP3 inflammasome. 


Inflammasome puncta at the MTOC are 
subjected to autophagic regulation 


Because HDAC6-mediated aggresome forma- 
tion at the MTOC facilitates autophagosomal 
degradation, we hypothesized that inflamma- 
some puncta are also subject to this regula- 
tion. Before nigericin stimulation, there was 
no colocalization of ASC with the microtubule- 
associated protein 1 light chain 3b (LC3b), a 
standard autophagosomal marker (Fig. 3K). 
By contrast, at 30 min after stimulation, ASC- 
containing inflammasome puncta were highly 
enriched in LC3b, suggesting induction of 
autophagy (Fig. 3L). We previously showed 
by anti-ASC immunogold electron microscopy 
(EM) that dense perinuclear structures repre- 
sent inflammasome puncta (26). Here, we 
observed that the single perinuclear inflam- 
masome punctum was surrounded by double- 
membrane bilayers, which are suggestive of 
autophagosome formation (fig. S18). LLSM 
analysis showed adjacency between an inflam- 
masome punctum and the MTOC per se (Fig. 
1, Gand H). Thus, inflammasome puncta may 
be selectively engulfed without affecting the 
MTOC. Consistent with these findings, reduc- 
tion or deficiency of the autophagic proteins 
LC3b, beclin-1, p62, and Atgi6L1 can enhance 
inflammasome activation and maturation of 
IL-18 and IL-18 (30, 45, 46). Furthermore, IL- 
1B secretion was enhanced by the pharmaco- 
logical blockade of autophagosome formation 
by 3-methyladenine (3-MA) (fig. S7C). As con- 
trols, a pan-caspase inhibitor (Z-VAD-FMK) and 
acaspase-1 inhibitor (YVAD-CHO) both reduced 
IL-1B secretion (fig. S7C). Thus, inflammasome 
puncta formed at the MTOC are regulated by 
autophagy. 


HDAC6 deficiency compromised activation of 
the pyrin inflammasome, but not the AIM2, 
NLRC4, and noncanonical inflammasomes 


Consistent with the MTOC localization and 
the effects of HDAC6 inhibitors, pyrin inflam- 
masome activation was compromised by knock- 
ing out Hdacé. This was evident in terms of 
caspase-1 cleavage, PI staining, IL-1 secre- 
tion, and puncta formation (Fig. 4, A to C, and 
movies S19 and S20). By contrast, dsDNA- 
induced AIM2 inflammasome activation in 
Hdac6-'~ iBMDMs was similar to that in WT 
controls (Fig. 4, E to H). Reconstitution of WT 
and mutant human HDAC6 into Hdac6/~ 
iBMDMs revealed that pyrin inflammasome 
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Fig. 3. HDAC6 is required for NLRP3 inflammasome activation. (A) |mmuno- 
blotting showing the absence of HDAC6 protein in CRISPR/Cas9 Hdac6-’~ 


iBMDMs compared with WT iBMDMs. Loading control was provided by the 
anti-B-actin antibody. The loss of HDAC6 leads to an increase in acetylated 
a-tubulin depicted using anti-acetylated o-tubulin antibody. (B to D) Compro- 
mised NLRP3 inflammasome activation in Hdac6-’~ iBMDMs challenged with 
nigericin is shown for caspase-1 processing (B), Pl permeability (C), and 
secreted IL-18 (D). Data are shown as the mean + SD for triplicate wells from 
three or more independent experiments in (C) and (D). (E) Domain architecture 
of human HDAC6 with important mutations (DA, Ub1, and Ub2) labeled. DA: 
H216A/H61IA on catalytic residues, deacetylase mutant; Ub1: mutations 
H1160A/HI1164A on zinc-coordinating residues; Ub2: mutation W1182A on the 
surface that binds ubiquitin. (F) Rescue of nigericin-mediated caspase- 

1 processing in Hdac6~’~ iBMDMs by reconstituting with WT human HDAC6. 
(G) Analysis of nigericin-mediated caspase-1 processing in Hdac6-’- iBMDMs 
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Anti-LC3b Merge 


Anti-ASC 


reconstituted with WT HDAC6 and the DA, Ubl and Ub2 mutants. (H) Sensitivity 
to rocilinostat in Hdac6~ iBMDMs reconstituted with WT HDAC6, but not the 
DA mutant, as depicted by inhibition of p20 processing. (1) Rescue of nigericin- 
induced punctum formation in Hdac6-’~ iBMDM-Casp-1 cells transfected with 
WT HDAC6-mRuby3. Arrowheads indicate puncta. Cells containing puncta had 
HDAC6 expression [(a) and (b)], whereas cells that do not contain puncta did not 
have HDAC6 expression [(c) and (d)]. (J) Rescue of nigericin-induced punctum 
formation in Hdac6’~ iBMDM-Casp-1 cells stably reconstituted with WT and 

DA mutant of HDAC6-mRuby3, but not with Ub1 and Ub2 mutants of HDAC6- 
mRuby3. Arrowheads indicate puncta. HDAC6 WT reconstituted cells failed to form 
puncta upon pretreatment by rocilinostat. (K and L) Inflammasome puncta 
formation and its link to autophagy analyzed by immunofluorescence of ASC and 
the autophagy marker LC3b before (K) and after (L) NLRP3 inflammasome 
stimulation. Arrowheads indicate puncta. Images are representative of three or 
more independent experiments. Scale bars, 10 um. 
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Fig. 4. HDAC6 is required for pyrin inflammasome activation but not 
AIM2 inflammasome activation. (A to D) Requirement of HDAC6 and its 
ubiquitin-binding ability in TcdB-induced pyrin inflammasome activation, as 
shown by caspase-1 processing (p20) (A), Pl permeability (B), IL-1B secretion 
(C), and punctum formation (D). DA: H216A/H611A on catalytic residues, 
deacetylase mutant; Ub1: mutations H1160A/H1164A on zinc-coordinating 
residues; Ub2: mutation W1182A on the surface that binds ubiquitin. 


activation required its intact zinc-finger domain, 
but not its deacetylase activity, as shown by 
caspase-1 cleavage (Fig. 4A), PI staining (Fig. 
4B), IL-1B secretion (Fig. 4C), and puncta for- 
mation (Fig. 4D). 

Because the LPS-induced noncanonical in- 
flammasome and the NLRC4 inflammasome 
are known to induce secondary NLRP3 acti- 
vation (47-49), we generated CRISPR/Cas9 
knockout of Hdac6 in the Nirp3! ~ back- 
ground. The noncanonical inflammasome 
engages mouse caspase-11 in iBMDMs but 
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IL-1B secretion (G), and p 


from three or more indep 
Images are representative 
(H)]. Scale bars, 5 um. 


does not engage caspase-1 for IL-1f process- 
ing (50, 57). PI staining indicated equivalent 
membrane disruption upon LPS transfection 
in Nirp37- and Nirp3"Hdac6- iBMDMs (Fig. 
5A). The percentage of cells with caspase-11 
activity was similar in Nirp3”' ~ and Nirp3 ~ 
Hdac6é™'~ iBMDMs (Fig. 5B). For the NLRC4 
inflammasome, we used Legionella pneumophila 
flagellin fused to the N-terminal domain of 
Bacillus anthracis \ethal factor (FlaTox) (52). 
Inactive FlaTox that only engages TLR5 but 
not NAIP5 was used as a negative control. 
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(E to H) Lack of HDAC6 dependence in dsDNA-induced AIM2 inflammasome 
activation, as shown by caspase-1 processing (p20) (E), P! permeability (F), 


unctum formation (H). Arrowheads indicate 


puncta or MTOC. Data are shown as the mean + SD for triplicate wells 


endent experiments [(B), (C), (F), and (G)]. 
of three or more independent experiments [(D) and 


FlaTox induced comparable caspase-1 pro- 
cessing and PI permeability in Nirp3”! ~ and 
Nirp3'"Hdac6'~ iBMDMs (Fig. 5, C and D), 
supporting the notion that HDACE6 is dis- 
pensable for activation of the flagellin-NAIP5- 
NLRC4 inflammasome. NLRC4 inflammasome 
activation in Nirp3! ~ and Nirp3! ~Hdaco!~ 
iBMDMs resulted in the formation of ASC 
puncta, but these puncta did not localize at 
the MTOC (Fig. 5E). These conclusions were 
confirmed in mouse primary BMDMs (fig. S19). 
Thus, HDAC6 only plays a role in inflammasomes 
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Fig. 5. HDAC6 deficiency does not affect noncanonical and NLRC4 
inflammasome activation in an Nirp3~’~ background. (A and B) Non- 
canonical inflammasome activated by intracellular delivery of LPS (electro- 
poration) quantified by P| permeability (A) and FAM-FLICA substrate cleavage 
by active caspase-11 (B). (© and D) NLRC4 inflammasome activation 
triggered by active FlaTox (inactive FlaTox served as a control) analyzed for 
caspase-l processing (p20) (C) and PI permeability (D). Data are shown as 
the mean + SD for triplicate wells from three or more independent 


formed at the MTOC, as shown for NLRP3 and 
pyrin inflammasomes, but not for AIM2 and 
NLRC4 inflammasomes or the noncanonical 
inflammasome (Fig. 5F). 


HDACG6 is required for transport of 
TGN-localized NLRP3 


Diverse NLRP3 stimuli have been shown to 
disperse the trans-Golgi network (TGN), which 
recruits NLRP3 into multiple small speckles 
before ASC engagement (53). We observed par- 
tial colocalization between the TGN marker 
TGN38 and multiple NLRP3 speckles in Asc /~ 
iBMDMs after nigericin stimulation (Fig. 6A). 
Unexpectedly, in WT iBMDMs, TGN38 redis- 
tributed into a single punctum at the MTOC, 
which colocalized with the NLRP3 single punc- 
tum (Fig. 6B). This suggests that NLRP3 is 
transported by the dynein machinery while on 
TGN-derived vesicles. By contrast, in Hdac6 I 
iBMDMs, NLRP3 showed multiple speckles 
similar to the TGN pattern observed in Asc!” 
iBMDMs (Fig. 6C), confirming that HDAC6 is 
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required for the transport. NEK7 is required 
for NLRP3 activation (14-16), likely by bridging 
NLRP3 subunits in an inflammasome disk 
(54). However, NEK7 did not colocalize with 
NLRP3 at the TGN before HDAC6-mediated 
microtubule transport (Fig. 6D). This suggests 
that such transport may be required in NLRP3 
activation to bring NLRP3 to the MTOC, 
where NEK7 resides. Subsequently, activated 
NLRP3 may nucleate ASC filament formation, 
which in turn recruits and activates caspase- 
1 to execute inflammasome effector functions. 


HDACG is required for LPS- and MSU-induced 
inflammation in mice 


To gain insights into the role of HDACG6 in vivo, 
we investigated an LPS-induced endotoxic shock 
model in mice using Hdac6 deficiency and the 
HDACG6 inhibitor tubastatin A, as well as the 
NLRP3 inhibitor MCC950 (36). This model was 
chosen because it is known to engage secondary 
NLRP3 activation (55, 56) (Fig. 7, A to F, and fig. 


$20, A to H). Serum IL-If levels were decreased 
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experiments. (E) Immunofluorescence analysis of NLRC4 punctum formation 
in Nirp3-’~ (top) and Nirp3-/~“Hdac6-’~ (bottom) iBMDMs upon treatment 
with FlaTox. Blue represents nuclear staining by Hoechst 33342. The 
NLRC4 inflammasome punctum represented by ASC staining is distinctly 
separated from the centrosomal marker ninein. Arrowheads depict puncta 
or MTOC. Images are representative of three or more independent 
experiments. Scale bars, 5 um. (F) Summary of location of punctum 
formation and HDAC6 dependence in the different inflammasomes. 


in mice challenged with LPS but treated with 
tubastatin A or MCC950 compared with mice 
challenged with LPS alone (Fig. 7, B and D). 
IL-18 and TNFa levels were also significantly 
reduced by tubastatin A or MCC950 treatment 
(fig. S20, A, C, and D). Harvested lung tissue 
showed less damage, such as septal mono- 
nuclear cell and lymphocyte infiltration, alve- 
olar macrophage and neutrophil infiltration, 
and alveolar edema, in both the tubastatin A- 
and MCC950-treated groups, with a signifi- 
cantly reduced overall acute lung injury (ALI) 
score (Fig. 7, E and F, and fig. S20, G and H). 
Substantially decreased LPS-induced secretion 
of IL-1B and IL-18 and ALI were also recapitu- 
lated in Hdac6~~ mice compared with WT mice 
(Fig. 7C and fig. S20, B, E, and F). Collectively, 
these data support the requirement of HDAC6 
in NLRP3 inflammasome activation in vivo. 
To test a direct NLRP3 activation model, 
we used the bona fide NLRP3 stimulus MSU 
to induce peritonitis in mice (Fig. 7G). Con- 
sistent with the role of HDAC6 in the NLRP3 
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Fig. 6. HDAC6 mediates microtubule transport of TGN-localized NLRP3. (A to C) Immunofluorescence analysis of TGN38 and NLRP3 in Asc” iBMDMs (A), WT 
iBMDMs (B), and Hdac6-“ iBMDMs (C). (D) Immunofluorescence analysis of NEK7 and NLRP3 distribution in Hdac6“- iBMDMs. Images are representative of three or 


more independent experiments containing ~100 cells. 


inflammasome, IL-1f and IL-18 secretion and 
neutrophil numbers in peritoneal lavage were 
decreased in Hdac6~’~ mice compared with 
WT mice (Fig. 7, H and I, and fig. S201). Treat- 
ment of WT mice with MCC950 exerted sim- 
ilar effects on IL-1B secretion and neutrophil 
recruitment as Hdacé6 deficiency (Fig. 7, J and 
K). Compared with LPS, MSU only induced 
minimal IL-18 activation, and MCC950 did not 
significantly reduce the level of IL-18 (fig. S20J). 
Additionally, MCC950 treatment in Hdac6-’~ 
mice did not further suppress MSU-induced 
IL-1B and IL-18 secretion and neutrophil re- 
cruitment (Fig. 7, H and IJ, and fig. S201). Thus, 
we have provided additional further evidence 
that NLRP3 inflammasome activation depends 
on HDACE6 in vivo. 


Discussion 


Our studies support the marked mechanistic 
parallel between NLRP3 and pyrin inflamma- 
some assembly and HDAC6-mediated transport 
of pathological aggregates to the MTOC for 
aggresome formation and degradation. Our 
results provide insights into the ever-evolving 
understanding of the complex process of in- 
flammasome activation. They especially offer a 
framework to integrate the previously impli- 
cated role of the microtubule in inflammasome 
biology, including the importance of the cen- 
trosomal protein NEK7 and the microtubule- 
affinity regulating kinase 4 (MARK4) (/4, 15, 57). 
The correlation between MTOC localization and 
sensitivity to microtubule transport disruption 
among inflammasomes further demonstrates 
the specificity of the mechanism and points to 
the importance of the physiological sites of 
assembly for their activation and regulation in 
cells (Fig. 5F). The microtubule polymerization 
inhibitor colchicine is an approved drug used 
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Arrowheads depict puncta. Scale bars, 10 um. 


for both gout, an NLRP3 inflammasome dis- 
ease, and familial Mediterranean fever, a pyrin 
inflammasome disease. Furthermore, the in- 
termediate filament vimentin, an aggresome 
component, was shown to regulate NLRP3 
inflammasome activation (22, 55). The addi- 
tional role of the MTOC in inflammasome 
biology extends its previously established role 
in directional secretion by T cells at the im- 
mune synapse in adaptive immunity (58) to 
innate immunity. 

Our data support a model of NLRP3 and 
pyrin inflammasome activation that depends 
on regulated ubiquitination (27-30) and en- 
gagement of the dynein adapter HDAC6 and 
possibly cargo adaptors such as p62. We do not 
yet know exactly which inflammasome compo- 
nents need to be ubiquitinated. Most likely, 
NLRP3 is not the inflammasome component 
recognized by the HDAC6-dynein machinery 
because the small NLRP3 clusters formed in 
the absence of ASC are not transported to as- 
semble into one large punctum (53). ASC ex- 
pression, however, leads to the formation of a 
single punctum per cell (59), and both NLRP3 
and pyrin are ASC-dependent inflammasomes; 
critical ubiquitination sites on ASC and IL- 
18 have been mapped (27, 29). Because NLRP3 
is already partially aggregated on the TGN, we 
hypothesize that small speckles of partially 
assembled inflammasomes are transported 
on TGN vesicles. 

Why do some inflammasomes form at the 
MTOC? It is possible that the accumulated 
focal concentrations promote inflammasome 
assembly and caspase-1 activation. In the case 
of NLRP3, its MTOC targeting may ensure 
engagement of the upstream activator NEK7, 
a centrosomal kinase (14-16, 54). We further 
resolved that IL-18 conversion also occurs at 
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the MTOC, which although unexpected, is con- 
sistent with the recent finding that caspase-1 
activity is most dominant at the puncta (60). 
Therefore, site-specific higher-order inflamma- 
some complexes act as supramolecular organ- 
izing centers (67) to orchestrate inflammasome 
signaling. The flip side of MTOC localization 
may be the facilitation of autophagosome for- 
mation as a built-in checkpoint mechanism for 
inflammasome destruction to avoid unrestrained 
activation. The pericentriolar region is enriched 
in lysosomes (62), and the MTOC acts as a hub 
to promote the fusion of autophagosomes with 
lysosomes to accelerate inflammasome degra- 
dation. Thus, our data suggest that MTOC 
localization plays dual activating and inhibiting 
roles to achieve balanced inflammasome regu- 
lation. Although further mechanistic details of 
this model remain to be elucidated, our studies 
have clearly identified HDAC6 as a potential 
therapeutic target for inflammasome-associated 
diseases. 


Materials and methods 
Cloning and mutagenesis 


The cDNA for human JZ-1B was a generous 
gift from J. Yuan, Harvard Medical School. To 
construct the FRET reporters for IL-18 and 
caspase-l, the full-length inserts were amplified 
and ligated into the mTurquoise2-C1 plasmid 
(a gift from M. Davidson, Addgene no. 54842) 
between the XhoI and BamHI sites to yield 
mTurquoise2-IL-18 and mTurquoise2-Casp-1 
with a SGLRSRG linker sequence. These con- 
structs then were sub-cloned into the pLV- 
enhanced GFP (eGFP) lentiviral expression 
plasmid (a gift from P. Tsoulfas, Addgene no. 
36083) between the XbaI and BamHI sites to 
yield mTurquoise2-IL-1B-eGFP and mTurquoise2- 
Casp-1-eGFP fusion proteins. Finally, eGFP was 
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Fig. 7. HDAC6 is required for NLRP3 inflammasome activation in mice. (A to 
F) Mouse model of lethal LPS-induced endotoxemia. (A) Experimental layout with 
indicated timing and dose. (B to D) Effects of tubastatin A (HDAC6 inhibitor) (B), 
Hdac6’~ (C), or MCC950 (NLRP3 inhibitor) (D) on IL-1B secretion. Data are 
shown as mean + SD (n = 3 to 5/group). (E) Effects of tubastatin A on ALI. 
Representative histopathological images from harvested lung tissues are shown. 
Scale bar, 50 um. (F) Quantified lung injury depicted by defined clinical 
parameters in ALI score. ALI scores are shown as mean + SD (n = 3 to 4/group). 
(G to K) Mouse model of MSU-induced peritonitis. (G) Experimental layout 


with indicted timing and dose. (H and I) Effects of Hdac6’~ or Hdac6-~ + 
MCC950 on peritoneal IL-18 production (H) and neutrophil recruitment (1) 
upon MSU challenge. Data are shown as mean + SD (n = 6 to 7/group). 

(J and K) Effects of MCC950 on peritoneal IL-18 production (J) and neutrophil 
recruitment (K) upon MSU challenge. Data are shown as mean + SD (n = 5 
to 8/group). For (B) to (D), (F), and (H) to (K), analysis of variance (ANOVA) 
followed by Bonferroni's multiple-comparisons test was performed for data 
analysis as used previously (66, 67). *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001. 


replaced with mNeonGreen (mNG) with an 
engineered linker sequence of TGSGS between 
the Agel and Sall sites using the following 
primers (Integrated DNA Technologies) to 
generate the mTurquoise2-IL-1B-mNG and 
mTurquoise2-Casp-1-mNG constructs: for- 
ward primer of 5'-GATGCAACCGGTAGCGG- 
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CTCAATGGTGAGCAAGGGCGAG-3’' and reverse 
primer of 5'-GATGCAGTCGACTTACTTGTA- 
CAGCTCGTC-3’. 

The mRuby3-Dynamitin (p50) fusion con- 
struct was produced by first inserting mRuby3 
into the pLV-eGFP plasmid between the XbaI 
and BamHI sites. Then, the full-length dynami- 
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tin insert was amplified and ligated between 
the Agel and Sall sites from the cDNA (a gift 
from I. Cheeseman, Addgene no. 37388) using 
the following primers (Integrated DNA Tech- 
nologies): forward primer of 5'-GATGCAAC- 
CGGTGGCGGCCGCTC-3’ and reverse primer of 
5'-GATGCAGTCGACTCACTTTCCCAGCTTC-3'. 
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The HDAC6-Flag-mRuby3 fusion construct 
was made by first subcloning mRuby3 into 
the pLV-eGFP plasmid between the Agel and 
SalI sites to yield pLV-mRuby3, followed 
by amplifying HDAC6-Flag from the cDNA 
(P. Matthias) and ligating between XbaI and 
Agel sites to yield HDAC6-Flag-mRuby3. The 
following primers were used (Integrated DNA 
Technologies): forward primer of 5’-GATGCA- 
TCTAGAATGACCTCAACCGGCC-3’ and reverse 
primer of 5'-GATGCAACCGGTCTTGTCATCGT- 
CGTCC-3’. 

The HDAC6 deacetylase mutant (DA, H216A/ 
H611A) was produced similarly as above ex- 
cept with the plasmid pcDNA-HDAC6.DC-Flag 
(a gift from T.-P. Yao, Addgene no. 30483). The 
ubiquitin-binding mutants Ub1 (H1160A/ 
H1164.A) and Ub2 (W1182A) were produced by 
site-directed mutagenesis using the QuikChange 
Lightning Multi kit (Agilent Technologies) with 
the following primers (Integrated DNA Tech- 
nologies): Ub1 forward primer: 5’-GTCGTT- 
ACATCAATGGCGCCATGCTCCAAGCCCATG- 
GAAATTCTGGAC-3’; Ub1 reverse primer: 5’- 
GTCCAGAATTTCCATGGGCTTGGAGCATGG- 
CGCCATTGATGTAACGAC-3’; Ub2 forward 
primer: 5’-CATCGACCTGTCAGCCCGTGT- 
TACTACTGTCAGG-3’; and Ub2 reverse primer: 
5'-CCTGACAGTAGTAACACGCGGCTGACAGT- 
CGATG-3’. 

The GTU-eGFP construct was produced 
similarly as above except that it was cloned in 
the plasmid pLV-eGFP (a gift from P. Tsoulfas, 
Addgene no. 36083). Before cloning, the exist- 
ing Xbal site was mutated to Nhel site in the 
plasmid. The human GTU insert was ampli- 
fied using mRuby-Gamma-Tubulin-17 as a tem- 
plate (a gift from M. Davidson, Addgene no. 
55864) using the following primers (Integrated 
DNA Technologies): forward primer of 5’- 
TTTTGCTAGCTGCCACCATGCCGAGGGAA- 
ATCATCA-3’ and reverse primer of 5’-TT- 
TTACCGGTTTCTGCTCCTGGGTGCCC-3’. 

pENTR221 mASC-tagRFP-T was generated 
by a BP gateway recombination reaction of 
PDONR221 with the PCR product attB1_mASC- 
tagRFP-T_attB2, catalyzed by BP clonase II 
(Thermo Fisher Scientific) according to the 
manufacturer’s recommendations. Mouse ASC 
and tagRFP-T (63) coding sequences are con- 
nected by the linker S@GRSSGSGSTSGSG. 
pRRL mASC-tagRFP-T puro was generated 
by three-fragment gateway recombination of 
PRRL R4-R3 Puro with pENTR L4-R1 pMT 
(mouse metallothionein I promoter), pDENTR221 
mASC-EGFP, and pENTR R2-L3 STOP MCS 
using LR Clonase II Plus enzyme (Thermo 
Fisher Scientific). Vectors were kind gifts from 
S. Lindquist (Whitehead Institute for Biomedical 
Research, Cambridge, MA, USA). 

Human ASC was subcloned into the pLV- 
mRuby3 plasmid (described previously) be- 
tween the XbaI and Agel sites using the 
following primers (Integrated DNA Technolo- 
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gies): forward primer of 5'-GATGCATCTA- 
GAATGGGGCGCGCGCGCG-3' and reverse 
primer of 5'’-GATGCAACCGGTGGATCCGC- 
TTCCGCTCCGCTCCAGGTCC-3". This resulted 
in pLV-ASC-mRuby3 with a short linker 
GSGSTGSAS between ASC and mRuby3. The 
full-length human Flag-ASC cDNA was gen- 
erated by inserting the full-length human ASC- 
flag tagged at N terminus in the EcoRI and 
Xhol sites of plenti-CAG-IRES-GFP (a gift from 
W. Kaelin, Addgene no. 69047) using the fol- 
lowing primers (Integrated DNA Technologies): 
forward primer of 5'-TGTGCTGTCTCATCAT- 
TTGGCAAAGAATTCGACTACAAAGACGAT- 
GACGACAAG-3' and reverse primer of 5’- 
CCAGTAACGTTAGGGGGGGGGCGGAATTG- 
ATCCCGCTCGAGTCAGCTCCGCTCCAGGTC- 
CTCCACC-3'. 

pET15b LFn-Fla and LFn-Fla 3A fusion con- 
structs were a gift from R. Vance (Addgene no. 
84871 and 84872, respectively). 


Cell culture and transfection 


iBMDMs from WT C57BL/6 mice were a gift 
from Prof. J. Kagan (Boston Children’s Hospi- 
tal, Boston, MA, USA). Immortalized Asc! % 
Nirp3! 5 Casp-1/11! ~ deficient macrophages 
were a gift from Prof. K. A. Fitzgerald (University 
of Massachusetts Medical School, Worcester, 
MA, USA). Immortalized Nek7 ‘ i macrophages 
were a gift from Prof. G. Nunez (University of 
Michigan, Ann Arbor, MI, USA). 

HEK293T and iBMDMs were grown in 
Dulbecco’s modified Eagle’s medium (DMEM), 
with L-glutamine (Thermo Fisher Scientific, 
catalog no. 10569-004), supplemented with 
10% fetal bovine serum (FBS) (Thermo Fisher 
Scientific, catalog no. 16000-044). Human 
monocytic THP-1 cells were maintained in 
Roswell Park Memorial Institute medium 
with L-glutamine (Thermo Fisher Scientific, 
catalog no. 11835-055) supplemented with 10% 
FBS and 0.05 mM 2-mercaptoethanol (Sigma- 
Aldrich, catalog no. D2650-100ML). Newly 
thawed HEK-Blue IL-1f cells were first grown 
in growth medium containing DMEM with 
L-glutamine, supplemented with heat-inactivated 
10% FBS, 50 U/ml penicillin, 50 ug/ml strep- 
tomycin (Thermo Fisher Scientific, catalog no. 
15140-163), and 100 ug/ml Normocin (Invivogen, 
catalog no. ant-nr-1). After two passages, the cells 
were grown in selective medium containing 
DMEM with L-glutamine, supplemented with 
heat inactivated 10% FBS, 100 ug/ml zeocin 
(Invivogen, catalog no. ant-zn-1), 200 ug/ml 
hygromycin B (Invivogen, catalog no. ant-hg- 
1), 50 U/ml penicillin, 50 ug/ml streptomycin, 
and 100 ug/ml Normocin. For preparation of 
L929-conditioned medium, 5x10° L929 cells 
were grown in a’75-cm’ flask containing 50 ml 
of DMEM. Supernatant was collected on day 7 
and passed through a 0.45-um filter. The 25-ml 
aliquots of L929-conditioned medium were 
stored at —80°C. 
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All cells were maintained at 37°C with 5% 
CO». For inflammasome activation studies, 
THP-1 cells were treated overnight with 300 ng/ml 
phorbol myristate acetate (Sigma-Aldrich, cat- 
alog no. P8139-5MG), followed by 4 hours of 
priming with 1 ug/ml LPS (Invivogen, catalog 
no. tlrl-b5lps). iBMDMs were primed for 4 hours 
with LPS. The following activators were used for 
inflammasome studies: 200 ug/ml MSU crys- 
tals (Santa Cruz Biotechnology, catalog no. sc- 
202711), 20 uM nigericin (Sigma-Aldrich, catalog 
no. N7143-5MG), 5 mM ATP (Sigma-Aldrich, 
catalog no. FLAAS-1VL), 100 ug/ml alum 
Cnvivogen, catalog no. tlrl-alk), and 100 ng/ml 
Nano-SiO, (Invivogen, catalog no. tlrl-sio) for 
NLRP3 inflammasome activation; 0.5 ug/ml 
TcdB for pyrin inflammasome activation; 1 ug/ 
ml dsDNA (Sigma-Aldrich, catalog no. P0883- 
25UN) for AIM2 inflammasome activation for 
the indicated time intervals; and active and 
inactive FlaTox (2 ug/ml) in combination with 
protective antigen (2 ug/ml) (List Biological 
Laboratories Inc., catalog no. 171E) for NLRC4 
inflammasome activation. 

For live-cell and-fixed cell confocal micros- 
copy, cells were grown in microwell dishes 
(MatTek, catalog no. P35G-1.5-14-C). Transfection 
was performed at 60% confluency using linear 
PEI (MW 25,000; Polysciences Inc., catalog no. 
23966-2) or FUGENE 6 (Promega, catalog no. 
E2691) according to the manufacturer's guidelines. 


Generation of stable cell lines 


To generate stable cell lines, on day 0, lenti- 
virus was produced using human embryonic 
kidney 293T (HEK293T) cells by cotransfect- 
ing 1 ug of pLV plasmid containing the gene, 
750 ng of psPAX2 packaging plasmid, and 250 ng 
of pMD2.G envelope plasmid (both plasmids 
were a gift from D. Trono, Addgene no. 12260 
and 12259, respectively). The transfected cells 
were incubated overnight. The following day 
(day 1), the medium was removed and the cells 
were replenished with 1 ml of fresh medium 
and incubated for another day. On day 2, the 
supernatant containing the virus was filtered 
using a 0.45-um filter (Pall Corporation, cat- 
alog no. 4184) and used directly to infect iB MDMs 
with a spinfection protocol to increase the ef- 
ficacy. Spinfection was performed at 2500g for 
90 min at room temperature using 8 ug/ml 
polybrene (Santa Cruz Biotechnology, catalog 
no. sc-134220). After spinfection, cells were 
further incubated for the expression of marker 
genes to identify the positive clones. Positive 
clones were selected either by cell sorting or 
antibiotic selection, and colonies were expanded 
from single clones. Positive clones were exten- 
sively validated by PCR, immunoblotting, and 
immunofluorescence microscopy. 


FACS 


Fluorescence-activated cell sorting (FACS) 
was performed using a FACSAria II cell sorter 
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from BD Biosciences equipped with FACS- 
Diva version 8.03. The instrument was set 
up with a 100-um nozzle at 20 psi, and the 
samples were introduced to the system at 
the lowest flow rate to minimize shear stress. 
The sorted populations were gated to exclude 
double, dead, and autofluorescent cells. The sort 
was performed with a purity precision mode. 


Pharmacological inhibition 


LPS-primed iBMDMs were pretreated for 
1 hour with the HDAC6 inhibitors tubastatin 
A (10 uM; Sigma-Aldrich, catalog no. SML0044), 
rocilinostat (80 uM; Selleckchem, catalog no. 
S800), or tubacin (20 uM or 5 to 40 uM; Enzo 
Life Sciences, catalog no. BML-GR362-0500), 
with the microtubule polymerization inhibitors 
colchicine (10 uM; Sigma-Aldrich, catalog no. 
C9754-100MG) or nocodazole (10 uM; Sigma- 
Aldrich, catalog no. M1404-2MG), or with the 
NLRP3 inhibitor MCC950 (0.1 to 20 uM; CP- 
456773; Cayman Chemicals, catalog no. 210826- 
40-7, and Sigma-Aldrich, catalog no. PZ0280). 
Cytoplasmic dynein-dependent microtubule 
transport was inhibited using 25 uM cilio- 
brevin A (TOCRIS Bioscience, catalog no. 4529). 
One hour after drug pretreatment, activation 
was performed either with nigericin (30 min), 
dsDNA (6 hours), or TcdB (1 hour). iBMDMs 
were pretreated with 5 mM 3-MA (Invivogen, 
catalog no. tlrl-3ma) for 6 hours to block 
autophagy. 


Measurement of membrane disruption by 
Pl-assisted flow cytometry 


Membrane permeability was measured by PI 
exclusion assay. Untreated and treated cells 
were collected, including dead floating cells 
in the medium, and washed two times in PBS 
before resuspension in 2 ug/ml PI (mmuno- 
Chemistry Technologies, catalog no. 638). 
The percentage of cells that took up PI was 
measured by flow cytometry (BD Biosciences, 
FACSAria ID. 


Detection of IL-1B by reporter HEK-Blue 
IL-1B cells 


Procedures were performed according to man- 
ufacturer’s instructions (Invivogen). Briefly, 
HEK-Blue IL-16 cells grown to 60% confluence 
were seeded on a flat-bottom, 96-well plate at 
~50,000 cells per well. These cells were in- 
cubated overnight with 50 ul of activated THP-1 
or iBMDM supernatant along with the corre- 
sponding controls at 37°C in 5% CO,. The 
supernatants from the induced HEK-Blue IL- 
18 cells were collected for the soluble embry- 
onic alkaline phosphatase assay (SEAP) using 
QUANTI-Blue (Invivogen, catalog no. rep- 
qb1). In this colorimetric assay, 150 ul of re- 
suspended QUANTI-Blue was incubated with 
50 ul of induced HEK-Blue™ IL-1 cell super- 
natant in a flat-bottom 96-well plate at 37°C 
from 30 min to 3 hours. SEAP levels were read 
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at 650 nm. The graphs were plotted using 
GraphPad Prism 7 software. 


Detection of cytokines by ELISA 


Detection kits for mouse IL-1 (Affymetrix 
eBioscience, catalog no. 88-7013; R&D Sys- 
tems, catalog no. DY401), mouse TNFa (Invi- 
trogen, catalog no. BMS607HS; R&D Systems, 
catalog no. DY410), mouse IL-18 (Thermo 
Fisher Scientific, catalog no. BMS618-3), and 
human IL-1B (BD Biosciences, catalog no. 
557953) were used at the specified temper- 
ature and conditions according to the manu- 
facturer’s instructions. IL-18 concentration 
was also measured using sandwich enzyme 
linked immunosorbent assay (ELISA) with 
capture antibody: 500 ng/ml of mouse anti- 
IL-18 (MBL, catalog no. D047-3), standard 
(MBL, catalog no. B002-5), and biotinylated 
detecting antibody (MBL, catalog no. D048- 
6) at the Cancer Center Immunology Core at 
the University of Michigan. 


Spinning-disk confocal live-cell microscopy 


Sorted cells were grown in 35-mm petri dishes 
(10-mm microwell, no. 1.5 coverglass, MatTek, 
catalog no. P35G-1.5-14-C) and mounted in a 
20/20 Technologies Bionomic microscope stage 
heated chamber warmed to 37°C. DMEM with- 
out phenol red (Thermo Fisher Scientific, cat- 
alog no. 21063-045) was used during image 
acquisition, with a layer of mineral oil on top 
of the medium to prevent evaporation. All im- 
ages were collected with a Yokogawa spinning- 
disk confocal on a Nikon Ti inverted microscope 
equipped with Plan Apo phase 3 oil-immersion 
40x (1.3 numerical aperture) and oil-immersion 
60x (1.4 numerical aperture) lenses. The Perfect 
Focus System was in place for continuous main- 
tenance of focus. IL-1B and caspase-1 mNG fluo- 
rescence was excited with a 491-nm line (selected 
with a 488/10 filter, Chroma, catalog no. 53044) 
from a100mW cobalt diode laser and collected 
with a quadruple band pass dichroic mirror 
(Chroma, catalog no. 89100bs) and a 525/50 
emission filter (Chroma, catalog no. 53051). 
Human HDAC6-mRuby3 and p50 dynamitin- 
mRuby3 fluorescence were excited with a 561-nm 
line 200-mW cobalt diode laser and collected 
with a quadruple band-pass dichroic mirror 
(Chroma, catalog no. 89100bs) and a 620/60 
emission filter. SiR-Tubulin fluorescence was 
excited with a 642-nm line from a 101-mW 
cobalt diode laser and collected with a quad- 
ruple band-pass dichroic mirror (Chroma, cat- 
alog no. 89100bs) and a 700/75 emission filter 
(Chroma, catalog no. ET700/75m). Before ac- 
quisition, cells were primed with LPS for 
4 hours, followed by activation using niger- 
icin, MSU, and ATP for 30 min; alum and 
Nano-SiO, for 6 hours; TcdB for 1 hour; or 
dsDNA for 6 hours. SiR-Tubulin incubation 
was performed for 4 hours (Cytoskeleton, 
catalog no. CY-SC006 with 1 uM SiR-Tubulin 
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and 10 uM verapamil) to stain the micro- 
tubule network in live cells. 

Images were acquired with a Hamamatsu 
ORCA ER cooled CCD camera controlled with 
MetaMorph version 7 software. Images were 
collected using an exposure time of 700 ms 
and 2 x 2 binning, with illumination light 
shuttered between acquisitions. At each time 
point, z-series optical sections were collected 
with a step size of 1 um for the indicated time 
intervals using a Prior Proscan focus motor. 
Gamma, brightness, and contrast were adjusted 
on displayed images (identically for compar- 
ative image sets) using MetaMorph version 7 
software. 


Confocal laser-scanning microscopy 


For imaging fixed cells, THP-1 cells or iB MDMs 
were seeded at a density of 2 x 10°/ml. Eight to 
12 hours after transfection, HEK293T cells were 
washed once with 1x BRB80 buffer, fixed, and 
analyzed by immunofluorescence microscopy. 
After activation, THP-1 and iBMDMs were 
washed once with 1x BRB buffer, fixed, and 
labeled with antibodies, as described in the 
immunolabeling and antibodies section. Con- 
focal sections were obtained using an Olympus 
FV-1000 laser-scanning confocal microscope 
(Olympus America, Waltham, MA) with Olym- 
pus Fluoview version 3.0 software, using 405-nm 
excitation/425- to 475-nm emission, 488-nm 
excitation/500- to 545-nm emission, 559-nm ex- 
citation/575- to 620-nm emission, and 635-nm 
excitation/655- to 755-nm emission laser lines. 

Images (512 x 512 or 1024 x 1024) were col- 
lected at 4 us/pixel using a 20x [0.75 numer- 
ical aperture (NA), air objective], 40x (0.95 NA, 
air objective), 40x (1.15 NA, water-immersion 
objective), or 60x (1.2 NA, water-immersion 
objective) lenses. The images were identically 
acquired and processed using Adobe Photo- 
shop software. Distributions of fluorescence 
intensities and colocalization were analyzed 
by Velocity version 6.2.1 software. 


LLSM 


iBMDM-IL-1 cells stably expressing mTurquoise2-— 
pro-IL-1B-mNG were plated on 5-mm round 
glass coverslips and stained with SiR-Tubulin. 
These coverslips were picked up with forceps 
and placed in the sample bath of the 3D LLSM 
(18). The sample was imaged in two ways. First, 
it was imaged in a time series in 3D using a 
dithered multi-Bessel lattice light-sheet by step- 
ping the sample stage at 500-nm intervals in 
the s-axis equivalent to an ~261-nm translation 
in the z-axis. Thus, each 3D image took 450 ms 
to acquire for a total of 90 time points. Each 3D 
stack corresponded to a predeskewed volume 
of ~30 um x 50 um x 4 um (300 x 512 x 15 
pixels). The cell was excited with a 488-nm 
laser (~300-mW operating power with an illu- 
mination of ~400 n.W at the back aperture) and 
a 642-nm laser (~100-mW operating power 
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with an illumination of ~200 pW at the back 
aperture) to acquire 15 imaging planes, each 
exposed for ~14.8 ms and recorded with two 
Andor iXon 897 EMCCD cameras. Second, 
the sample was imaged at a single time point 
in 3D using a dithered multi-Bessel lattice 
light-sheet by stepping the sample stage at 
250 nm intervals in the s-axis equivalent to 
~130-nm translation in the z-axis. The 3D im- 
age required 10 s to acquire. The stack corre- 
sponded to a predeskewed volume of ~30 um x 
50 um x 13 um (300 x 512 x 100 pixels). The cells 
were excited with a 488-nm laser (~300-mW 
operating power with an illumination of 
~400 uW at the back aperture) and a 642-nm 
laser (~15-mW operating power with an illu- 
mination of ~30 uW at the back aperture) to 
acquire 100 imaging planes, each exposed for 
~49.8 ms and recorded with two Andor iXon 
897 EMCCD cameras. The inner and outer NAs 
of excitation were 0.35 and 0.4, respectively. 


Immunolabeling and antibodies 


THP-1 cells or iBMDMs were first primed for 
4 hours with LPS and then activated with 
nigericin, TedB, or dsDNA for various lengths 
of time. Fixative, permeabilization, and block- 
ing buffers were prepared in Brinkley buffer 
80 (BRB80) and kept at 37°C before use. BRB80 
buffer was prepared freshly using 80 mM PIPES, 
1mM MgCh, and 1 mM EGTA, titrated to pH 6.8 
with a saturated solution of KOH. 

Cells were fixed in 3.7% paraformaldehyde 
for 1 to 5 min at room temperature and then 
washed twice using BRB80 with 5-min inter- 
vals between washes. Permeabilization was 
performed for 5 min at room temperature 
using 0.15% Triton X-100 (in 1x BRB80). Wash- 
ing was performed to remove permeabilization 
buffer. Cells were then blocked for 1 hour at 
room temperature using blocking buffer (3% 
gelatin from cold-water fish skin prepared in 1x 
BRB80). Cells were incubated with primary 
(3 hours to overnight) and secondary (1 hour) 
antibodies. Nuclei were stained using Hoechst 
33342 (Invitrogen, catalog no. H3750). In be- 
tween, extensive washing steps were performed 
to remove unbound antibodies and stains. 

To stain for active caspase-1, the carboxy- 
fluorescein (FAM)-labeled inhibitor of caspase-1 
(FAM-FLICA) kit (mmunoChemistry Technolo- 
gies, catalog no. 97) was used according to the 
manufacturer’s instructions. After NLRP3 ac- 
tivation, the supernatant from macrophages 
was removed and was replaced with medium 
containing 1x reconstituted fluorescently la- 
beled inhibitor of active caspase-1 (FAM-FLICA), 
and incubated for 1 hour. Unbound fluores- 
cent label was aspirated and replaced with 
regular medium. This washing step using reg- 
ular medium was performed for 1 hour at 37°C 
at 5% COs. After washing, live cells were fixed 
in 3.7% paraformaldehyde and stained as 
described above. 
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The following primary antibodies were used: 
anti-ASC (N-15), 1:1000 (rabbit polyclonal, 
Santa Cruz Biotechnology catalog no. sc- 
22514-R); anti-ASC (clone 2EI-7), 1:1,000 (mouse 
monoclonal, EMD Millipore, catalog no. 04-147); 
anti-ASC (D2W8D), 1:1,000 (rabbit monoclonal, 
Cell Signaling Technology, catalog no. 67824); 
anti-GTU, 1:500 (mouse monoclonal, Abcam 
catalog no. ab11316); anti-ninein (F-5), 1:2000 
(goat polyclonal, Santa Cruz Biotechnology, 
catalog no. sc-376420); anti-pro-IL-1B, 1:1,000 
(rabbit polyclonal, Abcam, catalog no. ab104279); 
anti-pro-IL-1B, 1:1000 (goat polyclonal, R&D 
Systems, catalog no. AF-401-NA); anti-TGN38, 
1:1000 (rabbit polyclonal, Novus Biologicals, cat- 
alog no. NBP1-03495SS); anti-IL-1B (H-153), 
1:1,000 (rabbit polyclonal, Santa Cruz Bio- 
technology, catalog no. sc-7884); anti-NLRP3, 
1:100 (goat polyclonal, Abcam, catalog no. 
ab4207); mouse anti-caspase-1 (p20), 1:2000 
(mouse monoclonal, Adipogen, catalog no. 
AG-20B-0042-C100); human anti-caspase-1 
(p20), 1:2000 (mouse monoclonal, Adipogen, 
catalog no. AG-20B-0048-C100); human HDAC6 
(D2E5), 1:1000 (rabbit monoclonal, Cell Signaling 
Technology, catalog no. 7558S); mouse HDAC6 
(D21B10), 1:1000 (rabbit monoclonal, Cell Sig- 
naling Technology, catalog no. 7612S); mouse 
anti-NEK7 (B-5), 1:1000 (mouse monoclonal, 
Santa Cruz Biotechnology, catalog no. sc-393539); 
anti-FLAG M2 1:500 (mouse monoclonal, Sigma- 
Aldrich, catalog no. A2220); rabbit immuno- 
globulin fraction (normal) (Agilent Dako, catalog 
no. X0903); goat IgG, polyclonal isotype control 
(Abcam, catalog no. ab37373); mouse IgG, isotype 
control (R&D Systems, catalog no. MABOO2); 
anti-f-actin 1:5000 (mouse monoclonal, Santa 
Cruz Biotechnology, catalog no. 47778); anti- 
acetylated a-tubulin 1:5000 (mouse monoclonal, 
Sigma-Aldrich, catalog no. T7451); and anti-pyrin 
1:1000 (rabbit monoclonal, Abcam, catalog no. 
ab214772). 

The following secondary antibodies were used: 
Alexa Fluor 488-labeled goat anti-mouse IgG, 
IgM (H+L) (1:500, Thermo Fisher Scientific, 
catalog no. A10680); Alexa Fluor 647-labeled 
goat anti-rabbit IgG (H+L) (1:2000, Thermo 
Fisher Scientific, catalog no. A21244); Alexa 
Fluor 568-labeled donkey anti-goat IgG (H+L) 
(1:1000, Thermo Fisher Scientific, catalog no. 
A11057); Alexa Fluor 568-labeled goat anti- 
rabbit IgG (H+L) (1:1000, Thermo Fisher 
Scientific, catalog no. A11036); Alexa Fluor 
647-labeled goat anti-mouse IgG (H+L) (1:1000, 
Thermo Fisher Scientific, catalog no. A21236); 
HRP-conjugated goat anti-rabbit IgG (1:10,000, 
Cell Signaling Technology, catalog no. 7074S); 
and HRP-conjugated horse anti-mouse IgG 
(1:10,000, Cell Signaling Technology, catalog 
no. 7076S). 

The recruitment of neutrophils into the peri- 
toneal cavity was analyzed by flow cytometry 
using Alexa Fluor 488-labeled rat anti-mouse 
Ly-6G/Ly-6C (Gr-1) IgG (1:200, BioLegend, 
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catalog no. 108417) and Alexa Fluor 700-labeled 
rat anti-mouse CD45 IgG (1:200, BioLegend, 
catalog no. 103128). 

For the caspase-1 (p20) analysis, the whole 
cell lysate was prepared in 1x sodium dodecyl 
sulfate (SDS) sample buffer as described pre- 
viously (64). Lysates were resolved on 12.5% 
SDS-polyacrylamide gel electrophoresis (PAGE) 
gel and subjected to inmunoblotting using the 
mouse caspase-1-specific antibodies listed above. 


Affinity purification of NEK7 rabbit polyclonal 
antibodies 


NEK7 antibody was a kind gift from K. Rhee 
of Seoul National University. The NEK7 anti- 
body was affinity purified by incubation of the 
antiserum with a purified full-length NEK7 
blotted on a nitrocellulose strip (SDS-PAGE 
separated and transferred on a nitrocellulose 
membrane). Elution was performed on a shaker 
at 50°C at 500 rpm (Mixer HC, USA Scientific) 
using 100 mM glycine, pH 2.5. The eluted anti- 
body fraction was neutralized by 1.5 M Tris-HCl, 
pH 88. 


Generation of Hdac6 CRISPR-knockout mouse 
iBMDMs 


Two independent Hdac6 CRISPR-knockout 
cell lines were generated. The first Hdac6 i 
cell line was generated using two guide RNAs 
(gRNAs) targeting the first coding exon of 
mouse Hdac6. The sequences for mouse Hdac6 
gRNAs were as follows: gRNA#I, sense strand: 
5'-AGTAGAAGAATCTTGGCCGG-3’, antisense 
strand: 5’-CCGGCCAAGATTCTTCTACT-3’; 
gRNA#2, sense strand: 5'-GTGGGTGATT- 
TTTCTGGGGAA-3', antisense strand: 5’- 
TTCCCCAGAAAAATCACCCAC-3'. The second 
Hdac6~ cell line was generated using two 
gRNAs targeting the fourth and eighteenth 
coding exon of mouse Hdacé6. The sequences 
for mouse HDAC6 gRNAs were as follows: 
gRNA#3, sense strand: 5'-CCTGAGACAAGA- 
GTGCCAGT-3’, antisense strand: 5'-ACTGG- 
CACTCTTGTCTCAGGC-3'; gRNA#4, sense 
strand: 5'-CAGCGCATCTTACGCATCATC-3’, 
antisense strand: 5'’ATGATGCGTAAGATG- 
CGCTG-3’. 

To clone the gRNA sequences into Lenti- 
CRISPR vector V2 (a gift from F. Zhang, 
Addgene no. 52961), the plasmid was cut and 
dephosphorylated with FastDigest BsmBI 
(Fermentas, catalog no. FD0454), and FastAP 
(Fermentas, catalog no. E0651) at 37°C for 
2 hours. Oligonucleotides for the mouse 
HDACG6 gRNA sequences (Integrated DNA 
Technologies) were annealed by heating to 95°C 
for 5 min and cooling to 25°C at 1.5°C/min. 
The sequence of the oligonucleotides used for 
cloning into the LentiCRISPR vector V2 were 
as follows: forward primer for gRNA#I: 5’- 
CACCGAGTAGAAGAATCTTGGCCGG-3’, reverse 
primer for gRNA#1: 5’-AAACCCGGCCAAGA- 
TICTTCTACTC-3' and forward primer for gRNA#2: 
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5'-CACCGGTGGGTGATTTTTCTGGGGAA-3’, 
reverse primer for gRNA#2: 5’-AAACTTCCC- 
CAGAAAAATCACCCAC-3’, forward primer for 
gRNA#3: 5'-CACCGCCTGAGACAAGAGTGC- 
CAGT-3', reverse primer for gRNA#3: 5’- 
AAACACTGGCACTCTTGTCTCAGGC-3' and 
forward primer for gRNA#4: 5’-CACCGCA- 
GCGCATCTTACGCATCATC-3’, reverse primer 
for gRNA#4: 5’-AAACATGATGCGTAAGAT- 
GCGCTGC-3’. Using T7 ligase (Enzymatics, 
catalog no. L602L), annealed oligos were 
ligated into gel-purified vectors at 25°C for 
5 min. Cloned transfer plasmids were am- 
plified using an endotoxin-free mini-prep kit 
(Qiagen, catalog no. 27104). LentiCRISPR vec- 
tor V2 containing Hdac6 gRNA was used to 
generate the virus in HEK293T cells followed 
by infection of WT mouse iBMDM cell line. 
Positive infected cells were isolated by puro- 
mycin selection (inserted into LentiCRISPR vec- 
tor V2) at 10 g/ml (Thermo Fisher Scientific, 
catalog no. A1113803). Colonies were expanded 
from single clones and selected for the puromy- 
cin resistance. Hdac6/- iB MDMs were analyzed 
by PCR on genomic DNA and were further 
validated at the protein and functional levels. 


Genomic PCR 


Genomic DNA was extracted using the QiaAmp 
DNA mini kit (Qiagen, catalog no. 13323 accord- 
ing to the manufacturer’s instructions, and the 
knockout phenotype was confirmed by PCR 
on the first coding exon using following pri- 
mers (Integrated DNA Technologies): forward 
primer: 5'-GTGGGGTCTGAAGGATTCTGA-3’; 
reverse primer: 5’-TCTTGTCTCAGGGTTCA- 
GATC-3'. For the second Hdac6é™/- iB MDM 
cell line, the following primers were used to 
verify the positive clones: forward primer: 
5'-TGATTGTAGTCCAGAGTGAA-3';_ reverse 
primer: 5'-AGCAGGTAGGATGAGACA-3’. 


Transferrin-647 uptake assay 


For uptake assays, WT and Hdacé ’ cells were 
grown on 35-mm dishes, serum starved for 
30 min in DMEM with 0.5% BSA-containing 
medium, and incubated with 25 ug/ml Alexa 
Fluor 647-conjugated transferrin (Invitrogen, 
catalog no. T23366) at 4°C for 10 min. Un- 
bound Alexa Fluor 647-conjugated transferrin 
was removed by brief washing. Transferrin 
uptake was then analyzed by confocal laser- 
scanning microscopy. 


Knockdown of HDAC6 using siRNA and TRIM21 
ubiquitin ligase in iBMDMs 


For Hdac6-knockdown experiments using 
siRNA, iBMDMs were electroporated with 
two Hdac6 Silencer siRNAs (Thermo Fisher 
Scientific, catalog nos. 67164 and 158920 for 
siRNAs #1 and #2, respectively) or with Si- 
lencer siRNA Negative Control (Thermo Fisher 
Scientific, catalog no. AM4611). For HDAC6 
protein knockdown using TRIM21 ubiquitin 
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ligase, iB MDMs (3.0x10°) stably overexpress- 
ing mouse pSMPP-mCherry-TRIM21 (a gift 
from L. James, Addgene no. 104971) were 
electroporated either with 2 ug of rabbit anti- 
human HDACG6 IgG that cross-reacts with 
mouse HDAC6 (Cell Signaling Technology, 
catalog no. 7612) or with 2 ug of isotype 
control IgG (Agilent Dako, catalog no. X0903), 
respectively. Nucleofection of siRNAs and 
HDACG6 antibody was performed with the 
Nucleofector 2b device (Lonza, catalog no. 
AAB-1001) using the Y-001 program according 
to the manufacturer’s recommendations. siRNA- 
and HDAC6 antibody-electroporated cells were 
incubated for 72 and 24 hours, respectively, 
before being processed for further experiments. 


Flow cytometry-assisted Caspase-11 
FLICA assay 


For the Caspase-11 FLICA assay (Immuno- 
Chemistry Technologies, catalog no. 97), after 
priming with LPS as described above, 1.0 x 10° 
buffer-electroporated and LPS-electroporated 
WI, Nirp3“, or Nirp3'"/Hdac6!- iB MDMs 
were incubated with medium containing 1x 
reconstituted fluorescently labeled inhibitor of 
active caspase (FAM-FLICA) and incubated for 
1 hour. Cells were than washed three times 
with 1x apoptosis wash buffer and centrifuged 
at 218g for 10 min before being resuspended in 
regular DMEM and analyzed with a FACSAria 
II flow cytometer. 


Mice 

Male and female C57BL/6J WT and Hdac6!- 
mice (8 to 10 weeks old) were purchased from 
The Jackson Laboratory (Bar Harbor, ME). 
Animals were housed in an animal facility for 
3 days before any procedures. All animal ex- 
periments were performed in compliance with 
guidelines approved by the institutional ani- 
mal care and use committee at the University 
of Michigan (protocol no. PROO0008861). 


In vivo mouse model of endotoxic shock 


Three experiments were performed. First, WT 
mice were randomly divided into three groups 
to test the effect of the HDAC6 inhibitor 
tubastatin A: (i) WT + dimethyl sulfoxide 
(DMSO) vehicle (1 ul/g mouse body weight), 
Gi) WT + lipopolysaccharides (LPS, 35 mg/kg 
in PBS; L2630; Sigma-Aldrich) + vehicle, and 
Gii) WT + LPS + tubastatin A (HDAC6 in- 
hibitor, 70 mg/kg) + vehicle. Tubastatin A and 
vehicle were administered immediately after 
the intraperitoneal LPS challenge. Second, WT 
and Hdac6"'~ mice were randomly divided 
into four groups to test the effect of Hdac6 de- 
letion: (i) WT + vehicle, (ii) WT + LPS + vehicle, 
(iii) Hdac6~ + vehicle, and (iv) Hdac6~ + LPS + 
vehicle. LPS and vehicle were similarly ad- 
ministered intraperitoneally. Third, WT mice 
were randomly divided into three groups to 
test the effect of the NLRP3 inhibitor MCC950: 
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(i) WT + DMSO vehicle (1 ul/g mouse body 
weight), Gi) WT + LPS (35 mg/kg in PBS; 
L2630; SigmaAldrich) + vehicle, and (iii) WT + 
LPS + MCC950 (10 mg/kg) + vehicle. MCC950 
and vehicle were administered 1 hour before 
the intraperitoneal LPS challenge. For all ex- 
periments, blood was collected at 12 hours after 
LPS injection. Serum was prepared by centrif- 
ugation of the blood at 500g at 4°C for 20 min 
and stored at —80°C for further use. Lung tis- 
sues were harvested for ALI scoring. Circulat- 
ing levels of IL-18 and TNFa were measured 
using the mouse IL-18/IL-IF2 DuoSet ELISA 
(DY401; R&D Systems) and mouse TNFa DuoSet 
ELISA (DY410-05; R&D Systems). 


Histological analysis of ALI 


Lung tissues were fixed in formalin and 
transferred to 70% ethanol before being em- 
bedded in paraffin and sliced into 5-um sec- 
tions. Hematoxylin & eosin staining was 
performed according to standard procedures. 
ALI scoring was performed by a pathologist 
blinded to the treatment assignment of the 
samples. In brief, ALI was classified into 
six categories based on the parameters of 
(i) septal mononuclear cell and/or lympho- 
cyte infiltration, Gi) septal hemorrhage and 
congestion, (iii) neutrophils, (iv) alveolar macro- 
phages, (v) alveolar hemorrhage, and (vi) alveo- 
lar edema. The severity of each category was 
graded from O (minimal) to 3 (maximal), and 
the total score was calculated by adding the 
scores in each of these categories. 


In vivo mouse model of MSU-induced peritonitis 


Peritonitis was induced by intraperitoneal in- 
jection of MSU crystals (1 mg; tlrl-msu-25; 
Invivogen) in 200 ul of sterile PBS with or 
without intraperitoneal pretreatment with 
MCC950 (10 mg/kg) at 25 hours and 1 hour 
before the MSU challenge. After 4 hours, mice 
were euthanized by CO, exposure. Peritoneal 
cavities were flushed with 5 ml of cold PBS. 
Peritoneal lavage was centrifuged at 94g for 
5 min. Cell pellets were collected, and the 
recruitment of CD45*/Ly6G* neutrophils into 
the peritoneal cavity was analyzed by flow cy- 
tometry. IL-18 levels were measured using 
ELISA (MLBOOC; R&D Systems) after the 
peritoneal lavage supernatant was concen- 
trated using an Amicon Ultra-0.5 Centrif- 
ugal Filter (UFC501096; Millipore). 


Bone marrow isolation and BMDM differentiation 


Bone marrow isolation and differentiation were 
performed in sterile and aseptic conditions in a 
laminar flow hood as described previously (65). 
The bones were flushed with 5 ml of PBS using a 
syringe fitted with a 25-G needle. The collected 
bone marrow was gently resuspended and 
passed through a 70-um sterile cell strainer 
(Fisher Scientific, catalog no. 22363548). 
Cells were sedimented at 400g for 5 min at 
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room temperature. The cells were carefully 
collected in 100 x 20 mm sterile petri dishes 
containing 10 ml of conditioned media (DMEM + 
10% FBS, penicillin/streptomycin, and 10% L929). 
On day 3, the dishes were supplemented with an 
additional 10 ml of conditioned medium (total 
20 ml volume). Most cells were found to be 
adherent to the dish. Further growth was al- 
lowed until day 6, when the cells were split for 
the experiments performed on day 7. 


FRET analysis 


For FRET channel images, a 447-nm laser 
was used in conjunction with a 535/30 emis- 
sion filter. All images were collected with a 
Yokogawa spinning-disk confocal on a Nikon 
Ti inverted microscope equipped with Plan 
Apo phase 3 oil-immersion 60x lens (1.4 NA). 
The Perfect Focus System was in place for con- 
tinuous maintenance of focus. Image process- 
ing was mainly performed using MATLAB 
2014b. Images were imported from the origi- 
nal files and sorted into channels. All meta- 
data were extracted and saved. Dark current 
camera noise was corrected for using images 
acquired each session. Shading or “flat-field” 
correction based on empty fields from each 
sample was applied to correct for uneven illu- 
mination patterns. A background mask was 
generated by thresholding at a value three 
standard deviations above background, where 
the background intensity distribution is esti- 
mated by fitting the “left half’ of a Gaussian 
function (the portion below its mean) to the 
left shoulder of the image intensity histogram. 
This mask was then used to find and subtract 
the average background intensity on a frame- 
by-frame basis. For all FRET calculations, 
the data were prefiltered with a 3 x 3 pixel 
Gaussian filter. Because the tension sensor 
module is a single-chain construct, FRET can 
be calculated by dividing the FRET channel 
fluorescence intensity (donor excitation with 
acceptor emission) with the mTurquoise2 chan- 
nel fluorescence intensity (donor excitation 
with donor emission). To minimize artifacts 
from division of small integers, only pixels that 
had a value three times above the background 
standard deviation of the current frame were 
used. FRET data were visualized using an 
inverted heat map. The quantification of the 
loss of FRET inside and outside the puncta (as 
control) was performed using Fiji software on 
the inverted heat map. 


Embedding in resin (plastic sections) for TEM 


For transmission electron microscopy (TEM), 
iBMDMs after nigericin activation were pro- 
cessed for plastic embedding as follows. Cells 
were incubated in fixative for 1 hour at room 
temperature. A 2x fixative mixture was added 
in a 1:1 ratio to the medium in the dish con- 
taining the cells to prevent shock and allow 
gentle fixation. Fresh fixative was prepared 
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using 1.25% paraformaldehyde, 2.5% glutar- 
aldehyde, and 0.03% picric acid in a 0.1 M 
sodium cacodylate buffer, pH 7.4. After fixa- 
tion, cells were washed three times in 0.1 M 
sodium cacodylate buffer, followed by incu- 
bation with 1% osmium tetroxide/1.5% potassium 
ferrocyanide for 1 hour at room temperature. 
Cells were then washed in water three times 
and incubated in aqueous 1% uranyl acetate 
for 30 min. This was followed by another 
three rounds of washing with water. 

Dehydration steps were performed twice in 
grades of alcohol (70% ethanol for 15 min, 
90% ethanol for 15 min, and 100% ethanol for 
15 min. Samples were then placed in propy- 
leneoxide for 1 hour and infiltration was 
performed with Epon mixed 1+1 with propy- 
leneoxide for 2 to 3 hours at room temper- 
ature. Samples were moved to the embedding 
mold filled with freshly mixed Epon and al- 
lowed to polymerize for 24 to 48 hours at 60° 
C. Ultrathin sections (~60 nm) were cut on a 
Reichert Ultracut-S microtome, placed on cop- 
per grids, and stained with lead citrate. The 
grids from above-mentioned EM procedures 
were examined in a JEOL 1200EX 80 KeV 
TEM and images were recorded with an AMT 
2k CCD camera (Harvard Medical School core 
facility). 


Protein expression and purification 


pET15b LFn-Fla and LFn-Fla 3A fusion con- 
structs were transfected into Escherichia coli 
BL21 (DE3) cells and grown in LB medium 
supplemented with ampicillin. Cells were grown 
at 37°C until the optical density (600 nm) 
reached 0.8. Protein expression was induced 
with 0.2 mM isopropyl-B-D-thiogalactopyranoside 
at 18°C overnight. Cells were then harvested 
and resuspended in lysis buffer (20 mM Tris- 
HCl, pH 7.4, 150 mM NaCl, 10 mM imidazole, 
and 5 mM £-mercaptoethanol). The proteins 
were purified by affinity chromatography using 
Ni-NTA beads (Qiagen). The proteins were fur- 
ther purified to homogeneity by size-exclusion 
chromatography in lysis buffer (20 mM HEPES, 
pH 7.4, 150 mM NaCl, 2 mM dithiothreitol) on 
a Superdex-200 column (GE Healthcare Life 
Sciences). Protein purified to homogeneity was 
analyzed by SDS-PAGE. 
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INTRODUCTION: What determines the pace of 
embryonic development? Although the mo- 
lecular and cellular mechanisms of many 
developmental processes are evolutionarily 
conserved, the pace at which these operate 
varies considerably between species. The tempo 
of embryonic development controls the rate 
of individual differentiation processes and 
determines the overall duration of develop- 
ment. Despite its importance, however, the 
mechanisms that control developmental tempo 
remain elusive. 


RATIONALE: Comparing highly conserved and 
well-characterized developmental processes in 
different species permits a search for mech- 
anisms that explain differences in tempo. 
The specification of neuronal subtype identity 
in the vertebrate spinal cord is a prominent 
example, lasting less than a day in zebrafish, 
3 to 4 days in mouse, and around 2 weeks in 
human. The development of the spinal cord 
involves a well-defined gene regulatory pro- 
gram comprising a series of stereotypic 
changes in gene expression, regulated by 
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Developmental tempo and protein stability. Different animal species develop at different 
tempos, and equivalent developmental stages can be matched between mouse and human at 
different developmental time points. Neural progenitors in the spinal cord progress through 
the same succession of gene expression to generate motor neurons in mouse and human, and 
this serves as a model to study tempo differences. The in vitro directed differentiation of 
mouse embryonic stem cells to motor neurons advances at greater than twice the speed of 
human embryonic stem cell differentiation. The equivalent progression of development at 
different rates is shown for the transcription factors PAX6 (green), OLIG2 (red), and NKX2.2 (blue). 
E, embryonic day; W, embryonic week; CS, Carnegie stage. Scale bars are 50 um. 
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extrinsic signaling as cells differentiate from 
neural progenitors to postmitotic neurons. 
The regulatory program and resulting neu- 
ronal cell types are highly similar in different 
vertebrates, despite the difference in tempo 
between species. We therefore set out to 
characterize the pace of differentiation of one 
specific neuronal subtype—motor neurons— 
in human and mouse and to identify mo- 
lecular differences that explain differences 
in pace. To this end, we took advantage of 
the in vitro recapitulation of in vivo de- 
velopmental programs using the directed 
differentiation of human and mouse embry- 
onic stem cells. 


RESULTS: We found that all stages of the 
developmental progression from neural pro- 
genitor to motor neuron were proportionally 
prolonged in human compared with mouse, 
resulting in human motor neuron differentia- 
tion taking about 2.5 times longer than mouse. 
Differences in tempo were not due to differ- 
ences in the sensitivity of cells to signals, nor 
could they be attributed to differences in the 
sequence of the key genes or their regulatory 
elements. Instead, the data revealed that 
changes in protein stability correlated with 
developmental tempo, such that slower tem- 
poral progression in human corresponded to 
increased protein stability. An in silico model 
indicated that increased protein stability could 
account for the slower tempo of development 
in human compared with mouse. 


CONCLUSION: The results suggest that differ- 
ences in protein turnover play a role in in- 
terspecies differences in the pace of motor 
neuron differentiation. The identification 
of a molecular mechanism that can explain 
differences in the pace of embryonic develop- 
ment between species focuses attention on the 
role of protein stability in tempo control. This 
suggests a parsimonious explanation for the 
substantial variation in the tempo of develop- 
ment between species and indicates how the 
overall dynamics of developmental processes 
can be influenced by kinetic properties of gene 
regulation. What determines species-specific 
rates of protein turnover remains to be 
determined, but the availability of in vitro 
systems that mimic in vivo developmental 
tempo opens up the possibility of exploring 
this issue. 
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Although many molecular mechanisms controlling developmental processes are evolutionarily conserved, 
the speed at which the embryo develops can vary substantially between species. For example, the 
same genetic program, comprising sequential changes in transcriptional states, governs the 
differentiation of motor neurons in mouse and human, but the tempo at which it operates differs 
between species. Using in vitro directed differentiation of embryonic stem cells to motor neurons, we 
show that the program runs more than twice as fast in mouse as in human. This is not due to differences 
in signaling, nor the genomic sequence of genes or their regulatory elements. Instead, there is an 
approximately two-fold increase in protein stability and cell cycle duration in human cells compared with 
mouse cells. This can account for the slower pace of human development and suggests that differences 
in protein turnover play a role in interspecies differences in developmental tempo. 


he events of embryonic development 

take place in a stereotypic sequence and 

at a characteristic tempo (J, 2). Although 

the order and underlying molecular mech- 

anisms are often indistinguishable be- 
tween different species, the time scale and 
pace at which they progress can differ subs- 
tantially. For example, compared with their 
rodent counterparts, neural progenitors in the 
primate cortex progress more slowly through a 
temporal sequence of neuronal subtype pro- 
duction (3, 4). Moreover, the duration of cortical 
progenitor expansion differs between species 
of primates, at least partly accounting for 
differences in brain size (5, 6). Even in more 
evolutionary conserved regions of the central 
nervous system (CNS), there are differences in 
tempo. The specification of neuronal subtype 
identity in the vertebrate spinal cord involves 
a well-defined gene regulatory program com- 
prising a series of changes in transcriptional 
state as cells acquire specific identities as 
neural progenitors differentiate to postmi- 
totic neurons (7). The pace of this process dif- 
fers between species, despite the similarity in 
the regulatory program and the structural and 
functional correspondence of the resulting 
spinal cords. The differentiation of motor neu- 
rons (MNs), a prominent neuronal subtype 
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of the spinal cord, takes less than a day in 
zebrafish and 3 to 4 days in mouse but ~2 weeks 
in human (8, 9). Moreover, differences in 
developmental tempo are not confined to the 
CNS. The oscillatory gene expression that re- 
gulates the sequential formation of vertebrate 
body segments—the segmentation clock—has 
a period that ranges from ~30 min in zebrafish 
to 2 to 3 hours in mouse and 5 to 6 hours in 
human (J0-72). It is unclear as to what causes 
the interspecies differences in developmental 
tempo, termed developmental allochrony. 

To address this question, we compared the 
generation of mouse and human MNs. Pro- 
genitors of the spinal cord initially express the 
transcription factors (TFs) Pax6 and Irx3 (73). 
Exposure to sonic hedgehog (Shh), emanating 
from the underlying notochord, results in ven- 
trally located progenitors inducing Nkx6.1 and 
Olig2. This down-regulates Pax6 and Irx3 (74). 
Progenitors expressing Olig2 and Nkx6.1 are 
termed pMNs and these either differentiate 
into postmitotic MNs, which express a set of 
TFs including Hb9/Mnx1 and Isll, or transi- 
tion into p3 progenitors that express Nkx2.2 
(15). This gene regulatory network (GRN), in 
which Olig2 represses Irx3 and Pax6 and 
promotes the differentiation of MNs, is con- 
served across vertebrates (16). 

We used in vitro differentiation of MNs 
from mouse and human embryonic stem cells 
(ESCs) to investigate the pace of differentia- 
tion. We find that MN differentiation in vitro 
recapitulates species-specific global time scales 
observed in the embryos, lasting ~3 days in 
mouse and more than a week in human. We 
show that increased levels of signaling are 
unable to speed up the rate of differentiation 
of human cells. Moreover, by assaying the 
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expression of a human gene, with its regu- 
latory landscape, in a mouse context, we rule 
out the possibility that species differences in 
genomic sequence play a major role in tem- 
poral scaling. Finally, we show that differ- 
ences in protein degradation can explain the 
differences in developmental tempo. 


Results and discussion 


The characteristic spatial-temporal changes in 
gene expression and the regulatory interactions 
between the genes responsible for neural tube 
development are well described (7). Despite 
the conservation of the GRN across vertebrates, 
only limited analysis has been performed on 
the relevant stages of human development 
(17, 18). We performed immunostainings on 
mouse and human embryonic spinal cords at 
brachial levels at equivalent stages (19) to more 
accurately correlate the major developmental 
events of neural differentiation processes in 
vivo between mouse and human (Fig. 1A). The 
dorsoventral (DV) length of the neural tube 
increases at the same rate in mouse and human 
(fig. SIA), and the shifts in gene expression are 
similar between mouse and human (fig. S1D). At 
their maximum extents, the OLIG2-expressing 
pMN domains comprise a large proportion of 
ventral progenitors, occupying about 30% of 
the DV length of the neural tube in mouse and 
a ~15% larger domain in human embryos (Fig. 
1B and fig. SIE). Consistent with this, there 
were more pMNs in human but similar num- 
bers of interneuron progenitors in mouse and 
human (fig. SIF). Over the next 2 days of mouse 
development, from embryonic day 9.5 (E9.5) 
to E11.5, many postmitotic MNs differentiate 
(Fig. 1C), resulting in a marked reduction in 
the size of the pMN domain (Fig. 1B), despite 
the continued proliferation of the progenitors 
(9). The proportion of neurons is higher in 
human compared with mouse (fig. S1B). By 
contrast, the pace of development is noticeably 
slower in human embryos. At Carnegie stage 
11 (CS 11), the pMN domain occupies a large 
proportion of the human neural tube, similar to 
the pMN in E9.0 mouse embryos. During the 
next 1 to 2 weeks of development (CS13 to 19; 
Fig. 1B), the size of the pMN domain decreases 
as MNs accumulate (Fig. 1C), but the rate of 
this change is slower than that seen in mouse. 
MN production decreases at ~E11.5 in mouse, 
whereas MN production continues to at least 
CS17 in human (fig. S1C), and glial progenitors, 
coexpressing SOX9 and NFIA, begin to arise in 
both species at these stages (Fig. 1D). Together, 
the data indicate an equivalent progression in 
neural tube development of mouse and hu- 
man that lasts around 3 days in mouse and 
more than a week in human (Fig. 1A). 

We examined whether interspecies tempo 
differences were preserved in vitro. Methods 
for the differentiation of MNs from ESCs, which 
mimic in vivo developmental mechanisms, have 
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Fig. 1. Comparison of neural tube development in mouse and human 
embryos. (A) Schema of mouse and human neural tube development. 

W, embryonic week. (B to D) Immunofluorescence in transverse sections 
of mouse and human cervical neural tube from E9.0 to E11.5 in mouse 
embryos and CS11 to CS17 in human embryos. In (B), expression of 
progenitor markers PAX6 (green), OLIG2 (magenta), and NKX2.2 (cyan) is 


been established for both mouse and human 
(20-23). To ensure comparison of similar axial 
levels in both species, we initially exposed 
mouse ESCs to a 20-hour pulse of WNT sig- 
naling and human ESCs to a 72-hour pulse 
(20, 24). This generated cells with a posterior 
epiblast identity—so-called neuromesodermal 
progenitors—that express a suite of genes, in- 
cluding T/TBXT, SOX2, and CDX2 (20, 25) (fig. 
S2A). These were then exposed to 100 nM ret- 
inoic acid (RA), which acts as a neuralizing 
signal, and to 500 nM smoothened agonist 
(SAG) that ventralizes neural progenitors (26) 
(Fig. 2, A and B). For both mouse and human, 
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this resulted in the efficient generation of pMNs 
expressing OLIG2 (Fig. 2, C and D, and fig. S2, 
B and C) and MNs expressing ISLET1 (ISLD, 
HB9/MNX1, and neuronal class III 8 tubulin 
(TUBB3) (Fig. 2, E and F). Progenitors that had 
not differentiated into neurons switched from 
OLIG2 expressing pMNs to p3 progenitors ex- 
pressing NKX2.2 (Fig. 2, C and D). Mouse and 
human MNs expressed HOXC6, characteristic 
of forelimb-level spinal cord MNs (27) (Fig. 2F), 
indicating that pMNs and MNs with similar 
axial levels were being produced in both cases. 

Comparison of the two species revealed the 
same sequence of gene expression changes: 
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shown. In (C), pan-neural progenitor marker SOX2 (blue) and motor neuron 
markers ISL1 (magenta) and HB9/MNX1 (cyan) at neurogenic stages are 
shown. As shown in (D), ventral expression of gliogenic markers NFIA (red) 
and SOX9 (blue) in the neural tube can be detected from E10.5 in mouse and 
CS15 in human. NFIA also labels neurons, as indicated by TUBB3 (cyan) 
staining. Scale bars are 50 um. 


expression of Pax6 in newly induced neural 
progenitors, followed by the expression of the 
pMN marker Olig2, which precedes the induc- 
tion of postmitotic MN markers, including Isl1 
(Fig. 2, C to G, and fig. S2B). But the rate of 
progression differed. Immunofluorescence and 
reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) assays for specific 
components of the GRN indicated that, after 
the addition of RA and SAG, the onset of ISL1 
expression took 2 to 3 days in mouse but ~6 days 
in human (Fig. 2, E to G and K), consistent 
with the slower developmental progression in 
the developing human embryonic spinal cord. 
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Fig. 2. A global scaling factor for in vitro differentiation of mouse 

and human MNs. (A) Schema of mouse ESCs differentiated to MNs. Spinal 
cord progenitors were generated via a neuromesodermal progenitor 

(NMP) state induced by the addition of FGF, WNT, and dual SMAD inhibition 
signals for 24 hours (blue rectangle) and subsequently exposed to the 
neuralizing signal RA and SAG to ventralize the cells (green). (B) Schema 

of the analogous strategy used for human ESCs to generate MNs, where the 
addition of FGF, WNT, and dual SMAD inhibition signals lasts 72 hours. 

(C) Expression of neural progenitor markers (PAX6, OLIG2, NKX2.2) between 
days 1 and 3 in mouse MN differentiation. (D) Expression of NP markers 
(PAX6, OLIG2, NKX2.2) at days 4, 6, and 8 in human MN differentiation. 

(E) Expression of MN markers (ISL1, HB9/MNX1) in mouse and human MNs. 
Mouse MNs can be detected by days 2 to 3, whereas human MNs are not 
detected until days 8 and 10. (F) HOXC6 expression in MNs characterized by 
ISL1 and TUBB3 expression at day 3 in mouse and at day 10 in human. 

In (C) to (F), scale bars are 50 ym. (G) RT-qPCR analysis of Pax6, Olig2, Nkx2.2, and 
IsIl expression in mouse and human differentiation reveals a conserved 
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progression in gene expression but a different tempo (human n = 3 in 
triplicate, mouse n = 3 in triplicate). Shaded areas indicate 95% Cl. 

(H) Heatmap of RNA-seq data from mouse and human MN differentiation 
indicating the normalized expression of selected markers representative of 
neuromesodermal progenitors, neural progenitors, neurons, glia, and 
mesoderm cell types (mouse n = 3, human n = 3). (1) Heatmap of the pair- 
wise Pearson correlation coefficients of the transcriptomes of mouse 
(vertical) and human (horizontal) differentiation at the indicated time points. 
High positive correlation is indicated by values close to 1 (red). The white 
line shows a linear fit of the Pearson correlation with a temporal scaling 
factor of 2.5 + 0.2 (median + SD). (J) Scaling factor for transcriptome 
clusters that contain Pax6, Olig2, Nkx2.2, and Isll. (K) Significant diffe 
in the peak of gene expression in the RT-qPCR experiments between 
mouse (orange) and human (blue) (human n = 3 in triplicate, mouse n = 3 
in triplicate). Two-way ANOVA with Tukey's multiple comparison post hoc 
test; ***adjusted p < 0.001. (L) Time-factor estimations for cluster pairs 
with a high proportion of orthologous genes. 
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Fig. 3. Dynamics of Shh signaling in mouse and human neural progenitors. (A) Flow cytometry 
analysis of NKX6.1 expression in human neural progenitors treated with the smoothened agonists SAG, 
purmorphamine (PM), or the two combined (both) shows a similar distribution of NKX6.1 expression at days 
2 and 4 (n = 3). a.u., arbitrary units. (B) Scheme outlining the standard differentiation protocol, in which 
RA and SAG are added at the same time (light blue) versus a treatment where SAG addition is delayed 
for 24 hours (dark blue). (©) RT-qPCR data reveals higher expression of /RX3 when cells are treated for 
24 hours with only RA (dark blue), whereas there are no substantial differences in the induction dynamics 
for NKX6.1, measured from the time of SAG addition (n = 3). (D) RT-qPCR data measured at 12-hour 
intervals reveal similar gene expression dynamics in mouse (orange) and human (blue) for Glil but distinct 
dynamics for Nkx6.1 (mouse n = 6, human n = 5). In (C) and (D), shaded areas indicate 95% Cl. 


Moreover, Olig2 induction peaked after 2 to 3 
days in mouse and 6 to 8 days in human (Fig. 
2G and fig. S2B). Differences in tempo have 
also been observed between the differentia- 
tion of mouse and human pluripotent stem 
cells (28). To test whether the difference in 
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tempo of mouse and human MN differenti- 
ation represented a global change in the rate 
of developmental progression, we performed 
bulk transcriptomics. This revealed a similar 
pattern of gene expression changes in mouse 
and human, but the changes occurred at a 


18 September 2020 


faster rate in mouse cells than in human cells 
(Fig. 2H). Cross-species comparison of dynam- 
ic genes highly expressed across the differen- 
tiation showed a high degree of correlation, 
although altered in time between mouse and 
human (Fig. 2I and fig. S2D). Moreover, the 
relative difference in developmental tempo 
appears constant throughout the differenti- 
ation process, suggesting a global temporal 
scaling—developmental allochrony—between 
mouse and human. 

To relate the tempo of mouse and human 
MN differentiation, we estimated the global 
difference in the tempo of gene expression by 
comparing the Pearson correlation coefficients 
from the transcriptome analysis of both species. 
This identified a scaling factor of 2.5 + 0.2 
(median + SD; Fig. 21). Additionally, we clustered 
gene expression profiles into sets of genes with 
similar dynamics during the time course, and 
we measured the fold difference in the time 
of appearance of the clusters that contained 
Pax6, Irx3, Olig2, Nkx2.2, Isl1, and Tubb3 genes. 
This confirmed that a scaling factor of ~2.5 fit 
each of the gene expression clusters (Fig. 2J). 
Similarly, time-factor measurements for indi- 
vidual genes identified a scaling factor be- 
tween 2 and 3 (fig. S2, F and G). To test if the 
identified time factor could be extended to the 
whole transcriptome, we selected four cluster 
pairs comprising a high proportion of orthol- 
ogous genes (fig. S2E). A search for a scaling 
factor that accommodated the difference in 
the timing of expression in these groups indi- 
cated a factor of ~2.5 for each of the clusters 
(Fig. 2L). Together, these results suggest that 
MN differentiation can be recapitulated in 
vitro from mouse and human ESCs and results 
in a global 2.5-fold decrease in the rate at which 
gene expression programs advance in human 
compared with mouse. 


Shh signaling sensitivity does not regulate tempo 


Having identified a global scaling factor for 
the GRN, we investigated the mechanism that 
sets the time scale. We reasoned that the mech- 
anism was likely to be cell-autonomous be- 
cause the temporal differences are observed 
between mouse and human cells grown in vitro, 
and it has been shown that in vitro differ- 
entiated cells transplanted to a host follow 
their own species-specific dynamics (29-31). 
Because the directed differentiation toward 
MNs occurs in response to Shh signaling, we 
hypothesized that the delay in the GRN in 
human compared with mouse could be a con- 
sequence of a reduced sensitivity to signaling. 
To test whether the human GRN could be 
sped up by higher levels of signaling, we dif- 
ferentiated human progenitors in the pres- 
ence of increasing concentrations of SAG and 
in a combination of SAG and purmorphamine 
(Pur), another smoothened agonist (Fig. 3A). 
Single-cell measurements of NKX6.1, a GRN 
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Fig. 4. Temporal control of gene expression depends on the species’ 
cellular environment. (A) Scatter plot with histograms of PAX6 and NKX6.1 
intensity measured by FACS in neural progenitors from wt (orange) and 
hChr21 (purple) mouse cells at day 2. (B) RT-qPCR expression of Olig2 from 
the mouse (mOlig2) and human (hOLIG2) alleles (n = 9). Shaded areas 
indicate 95% Cl. (C) smFISH at day 2 of differentiation in wt and hChr2] lines 
with probes for mSox2, and allele-specific detection of mOlig2 or hOLIG2. 
Scale bars are 10 um. (D) smFISH in human neural progenitors at day 8 of 
differentiation for hSOX2 and hOLIG2. Scale bars are 50 um. (E) Boxplots 
and density distributions in wt and hChr21 cells of the number of mRNA molecules 
per cell from Sox2, total Olig2, and human allele- and mouse allele-specific 


TF induced by Shh in ventral progenitors, 
showed similar proportions and intensity of 
expression for all levels of signal at equivalent 
time points (fig. S3, A and B). To test whether 
the competence of neural progenitors to re- 
spond to Shh was delayed in human compared 
with mouse, we delayed addition of SAG for 
24 hours. A 24-hour delay in Shh addition 
resulted in higher initial levels of JRX3, as 
expected, but did not change the time of 
NKX6.1, GLI, or PTCH1 induction relative to 
the time of SAG addition (Fig. 3, B and C; and 
fig. S3D), corroborating that the onset of Shh 
responsiveness is acquired at neural induction 
in human cells as in mouse cells. 

We then compared the kinetics of Shh sig- 
naling in mouse and human cells by assaying 
the response of Ptch1 and Glil, two Shh path- 
way components that are Shh direct target 
genes (32, 33). Notably, the response dynamics 
of these two genes were similar in mouse and 
human. In both species, the expression levels 
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of Ptch1 and Glil were increased within 12 hours 
and peaked by 24 hours (Fig. 3D and fig. S3E). 
By contrast, the induction of Nkx6.1 was de- 
layed 48 hours in human compared with 
mouse (Fig. 3D). Additional components of 
the Shh signaling pathway—including Gli2, 
Ptch2, and Hhip—also showed increased ex- 
pression within 24 hours (fig. S3F). The induc- 
tion of Olig2, similarly to Nkx6.1, was delayed 
in human compared with mouse (fig. S3F). 
Together, these results suggest that differen- 
tial sensitivity to extrinsic signals does not 
appear to have a major role in regulating the 
tempo of development. 


No effect of interspecies sequence differences 
in gene regulation 


Having ruled out a role for Shh signaling, we 
focused on possible interspecies sequence dif- 
ferences in gene regulation. Even though genes 
in the GRN are highly conserved compared 
with the average identity between human and 
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probes. The estimated mean difference in molecule number between hChr21 
cells and mouse is 25.7 [22.3; 29.7] (mouse n = 323, hChr21 n = 337). 

(F) Boxplots and density distributions of the concentration (number of mRNA 
molecules per area unit) of Olig2 per cell in human neural progenitors 

at day 8 and mouse wt and hChr21 cells at day 2. The estimated mean 
difference is 0.121 mRNAs/um? [0.141; 0.101] between mouse and 
hChr2Icells, and the mean difference is 0.157 mRNAs/um? [0.175; 0.139] 
for human and hChr21 cells. In (E) and (F), statistical significance (*) 
corresponds with <0.05 overlap between the distributions of mean 
estimations with a p < 0.001 for a two-sided permutation t test (human 
n = 436, mouse n = 323, hChr21 n = 337). 


mouse (data S1), we hypothesized that se- 
quence differences in the coding region and/or 
cis-regulatory elements might determine 
the pace of development. To study sequence 
differences between species, we focused on 
Olig2 because it is the major regulator of PMN 
identity and its cis-regulatory elements have 
been characterized (34, 35). We reasoned that 
if sequence differences were responsible for 
the different temporal dynamics in mouse 
and human cells, we would be able to detect 
species-specific changes in the timing of Olig2 
expression from a human Olig2 locus intro- 
duced into mouse cells. The human Olig2 gene 
is located on chromosome 21, and we took 
advantage of the 47-1 mouse ESC line that 
contains the Hsa21q arm of human chromo- 
some 21 (36). We differentiated the 47-1 line 
(hereafter referred to as hChr21) alongside its 
parental line, which lacked Hsa21q, from which 
it was generated (hereafter referred to as wt). 
The proportions of neural progenitors and the 
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dynamics of gene expression—measured by 
RNA expression, immunofluorescence, and flow 
cytometry—were similar between hChr21 and 
wt lines (Fig. 4, A and B, and fig. S4, A and B). 
We then assessed the timing of expression of 
the hOLIG2 allele. We detected induction of 
hOLIG2 at day 1 of differentiation (Fig. 4B), 
24 hours after addition of RA and SAG. By 
contrast, in human cells, hOLIG2 induction is 
not detected until days 2 to 3 (Fig. 2G). Thus, 
in mouse cells, hOLIG2 follows the same dy- 
namics of gene expression as mouse Olig2 
(mOlig2), indicating that the temporal control 
of gene expression depends on the cellular 
environment and not the species origin of the 
genomic sequence. 

To compare Olig2 expression levels between 
the mouse and human alleles, we performed 
single-molecule fluorescent in situ hybridiza- 
tion (smFISH) (Fig. 4, C and D, and fig. $5, A 
and B). We first assayed transcripts of Sow2 
(mSox2), a TF expressed in all neural progenitors. 
The mean and variance in mSox2 transcripts 
were similar in both hChr21 and wt neural 
progenitors, supporting the comparability of 
the two cell lines (fig. S5C). We then measured 
Olig2 transcripts using species-specific probes. 
The number of mouse Olig2 (mOlig2) tran- 
scripts in hChr21 cells was lower than that 
in wt cells, but the mean total number of 
Olig2 transcripts in hChr21 cells, combining 
mouse and human alleles, was higher than the 
mean number of transcripts in wt cells (Fig. 
4E). This suggests that the number of tran- 
scripts that cells express depends on the number 
of the alleles. 

We next asked whether the levels of specific 
mRNAs in human cells were similar to those 
in mouse. To this end, we performed smFISH 
in human neural progenitors for SOX2 (hSOX2) 
and OLIG2 (hOLIG2) (Fig. 4D and fig. S5B). 
The median number of ROLIG2 molecules in 
human cells at days 4, 6, and 8 was similar, 
indicating that the number of transcripts is 
constant in cells (fig. SSE). The number of Sox2 
and Olig2 transcripts in human neural progen- 
itors were higher than in mouse wt (fig. S5C). 
However, human neural progenitors were 
larger than mouse progenitors (fig. S5D) and 
taking this into account allowed calculation of 
the concentration of RNAs (mRNAs/um?”) in 
human and mouse cells (Fig. 4F). The mean 
concentration of total Olig2 in mouse hChr21 
cells was more similar to the concentration of 
mOlig2 in wt mouse cells than the concen- 
tration of hOLJG2 in human cells (mean dif- 
ference of 0.121 mRNAs/um? {95% confidence 
interval (CI): [0.101; 0.141]} between mouse 
and hChr21 cells; with a mean difference of 
0.157 mRNAs/um” (95% CI: [0.139; 0.175]) 
between human and hChr2!1 cells) (Fig. 4F), 
indicating that mRNA concentration might 
be controlled by the cellular context. Overall, 
we conclude that gene regulation in mouse 
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cells follows mouse-specific characteristics, 
irrespective of the species origin of the allele, 
suggesting that species differences in gene 
expression dynamics are not encoded within 
the regulatory genome of individual genes. 


Kinetics of the proteome correspond with the 
interspecies dynamics of differentiation 


Given that the species difference in tempo 
did not appear to depend on species-specific 
differences in genomic elements, we reasoned 
that kinetic features of gene expression must 
explain the difference, similar to the findings 
in synthetic biology and modeling fields (37, 38). 
We therefore set out to measure the decay rate 
of transcripts and proteins in mouse and human 
neural progenitors, which encompasses both 
degradative mechanisms and dilution from 
cell division (39). To assay mRNA decay, we 
used the uridine analog, 5-ethynyluridine (EU), 
and assayed mouse neural progenitors from 
day 2 and human neural progenitors from 
days 4 and 8, representing equivalent devel- 
opmental states in the two species (fig. S2C). 
We pulsed cells for 3 hours to label actively 
transcribing mRNAs, transferred them to media 
lacking EU, and assayed the EU remaining in 
cells at regular time points (fig. S6, A and B). 
Fluorescence-activated cell sorting (FACS) analy- 
sis suggested a similar global mRNA stability 
in mouse and human neural progenitors, with 
a median half-life (4/2) of 92 + 33.3 min in mouse 
cells and a t,/. of 76 + 19.7 min in human at day 
4 and 96 + 37.6 min at day 8 (Fig. 5, A and B). 
This agrees with measurements of mRNA 
half-lives in other cell lines (40). Consistent 
with this, measuring the stability of selected 
individual mRNAs also suggested similar half- 
lives of mRNAs in mouse and human neural 
progenitors (fig. S6E). Nevertheless, extending 
and refining these measurements will provide 
insight into whether there are detectable dif- 
ferences in mRNA stability between species and 
how these contribute to the cellular concen- 
trations of specific transcripts (72). 

Next, we tested whether differences in protein 
decay rate could explain the allochrony. To 
assay protein stability, we metabolically labeled 
nascent proteins by replacing methionine in 
the medium with the methionine analog 1- 
azidohomoalanine (AHA) and used FACS to 
measure the stability of newly synthesized 
proteins after removal of the amino acid analog 
over the course of 48 hours (fig. S6, C and D). 
We found that the half-life of the proteome 
in mouse neural progenitors was shorter than 
that in human progenitors (2 = 7.8 + 1.6 hours 
in mouse versus fy. = 19.3 + 5.2 hours in 
human day 4 or f2 = 18.2 + 2.3 hours in 
human day 8), corresponding to a 2- to 2.5-fold 
difference (Fig. 5, C and D). This identifies a 
general difference in the protein lifetime be- 
tween mouse and human that corresponds to 
the difference in tempo, and further analysis 
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will be required to determine which specific 
proteins show a 2- to 2.5-fold difference. 

To test whether changes in mRNA or protein 
stability could account for differences in devel- 
opmental tempo, we developed a computa- 
tional model of the GRN based on a previous 
model describing the dynamics of the mouse 
neural progenitor GRN (Fig. 5E) (47). The 
model incorporates separately the dynamics 
of mRNA and protein (see supplementary 
text). Simulations showed a good correspon- 
dence with the temporal dynamics measured 
in mouse cells (Figs. 2G and 5E). Halving the 
decay rate of the proteins (but not mRNA) to 
mimic the measured human kinetics resulted 
in the same sequence of gene expression but 
slower dynamics of the GRN (Fig. 5E). To ex- 
plore further the connection between changes 
in protein stability and GRN dynamics, we mea- 
sured the change in time of the onset of Olig2 
(we refer to this as the time factor) for different 
values of mRNA and protein stability. This 
revealed that increasing mRNA stability had 
less effect on the time factor than increasing 
protein stability. In particular, the model pre- 
dicted that if protein decay was kept constant, 
a four-fold change in mRNA stability would be 
required to reproduce the observed temporal 
scaling of 2.5 in human versus mouse (Fig. 5F). 
Such a fold change in mRNA stability is not 
compatible with our global measurements 
(Fig. 5B), suggesting that differences in mRNA 
kinetics between species might be less influ- 
ential given the time scales of MN differenti- 
ation. Moreover, the relationship between the 
tempo scaling observed in the simulations with 
the changes in protein decay rate revealed a 
superlinear relationship in which an increase 
in protein stability slowed GRN dynamics by 
slightly more than the fold increase in decay 
rate (Fig. 5G and fig. S7, C and D). These results 
indicated that the measured increase in protein 
stability can explain tempo changes in MN dif- 
ferentiation between mouse and human. 

To explore whether other aspects of gene 
regulation might contribute to differences in 
tempo, we undertook a computational screen 
in which decay and production rates of mRNA 
and protein were allowed to change indepen- 
dently. In addition, the TF binding affinities 
of the model were also allowed to vary within 
previously defined constraints (47). We iden- 
tified parameter sets that reproduced the 
~2.5-fold difference in tempo (fig. S7, A and B). 
The resulting ensemble of parameters showed 
a wide range of transcription and translation 
rates for which the network reproduces the 
tempo differences between human and mouse 
(fig. S7, A and B). There were no apparent 
changes in the constraints on the parameters 
of the model, with the exception of the protein 
decay rate, which showed a narrow distribu- 
tion centered around a 2.5-fold change (fig. S7A). 
These results indicate that control of protein 
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Fig. 5. Protein stability in the GRN corresponds to 


tempo differences between species. (A) Normalized 


EU incorporation measurements to estimate mRNA 
half-life in mouse (orange) and human (blue) neural 


progenitors. Line and shaded areas show best exponential 
fit and 70% HDI (mouse day 2 n = 5, human day 4 n = 3, 
Half-life of the transcriptome in 


human day 8 n = 5). (B 
mouse neural progenitors at day 2 (orange) and in 


human neural progenitors at day 4 (dark blue) and day 8 


(light blue). Boxplots indicate the 25th to the 75th 


percentile of the range, and whiskers show values within 0) 
1.5 times the interquartile range of the 25th and 75th 


percentiles. (C) Normalized AHA measurements of the 


proteome in mouse (orange) and human (blue) neural 


progenitors to estimate protein stability (mouse day 2 


n= 6, human day 4 n = 4, human day 8 n = 4). (D) Global 


stability of the proteome in mouse neural progenitors at 
day 2 (orange) and in human neural progenitors at day 4 


(dark blue) and day 8 (light blue). Boxplots indicate the 


25th to the 75th percentile of the range, and whiskers 


show values within 1.5 times the interquartile range of 
the 25th and 75th percentiles. Statistical significance (**) 
corresponds with <0.01 overlap between the distributions 


of parameter estimations. (E) Temporal dynamics of 


the computational model of the neural tube GRN in mouse 


(top), and the predicted human behavior (bottom), 
simulated 
network. 


The inset diagram shows the cross-repressive 


GRN comprising the transcription factors Pax6, Olig2, Nkx2.2, 


and Irx3 used to model ventral patterning of the neural 


tube. (F) Predicted Olig2 time factor, indicating relative 
change in developmental pace, produced in response to fold 


change 


n 


in mRNA half-life and protein half-life. Relevant 


fold changes in mRNA and protein correspond to those that 
give a time factor of 2.5 (purple). (G) Predicted Olig2 time 
factor as a function of the fold change in the decay rate ratio 


(blue solid line). The change in time factor resulting from 
an increase in protein half-life grows faster than linearly 

(dashed 
fold change of 2 in protein half-life (red line). 


decay rate is an effective mechanism to reg- 
ulate developmental tempo. 

A prediction that arises from this analysis 
is that the TFs comprising the GRN that regulate 
MN differentiation should be more stable in 
human neural progenitors than in mouse neural 
progenitors, and that a two-fold decrease in 
protein decay would give a scaling factor of 
~2.5. To test this, we performed pulse-chase 
experiments labeling nascent proteins with 
AHA, conjugated labeled proteins to biotin, 
and pulled them down with streptavidin beads 
to purify. This revealed that pan-neural pro- 
teins SOX1 and SOX2 had longer lifetimes 
than OLIG2 and NKX6.1 proteins in both species 
(Fig. 6A and fig. S6, F and G). Moreover, human 
NKX6.1 and OLIG2 were ~2-fold more sta- 
ble than their mouse homologs (nNKX6.1 = 
2.5 hours versus hNKX6.1 ~ 6 hours; mOLIG2 = 
3.5 hours versus hOLIG2 = 6.8 hours) (Fig. 
6A and fig. S6, F and G). These results are 
consistent with the predictions of the model 
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and the nonlinear relationship between decay 
rates and tempo scaling. 

The identification of a global increase in the 
lifetime of proteins in human neural progen- 
itors compared with mouse neural progenitors 
raised the possibility that exogenous proteins 
would show species-specific stability. To this 
end, we generated Patched1::mKate2 reporter 
lines in mouse and human stem cells. In these 
lines, the monomeric far-red fluorescent protein 
Katushka-2 (mKate2) was fused to the C ter- 
minus of endogenous Ptch1 by means of a self- 
cleaving peptide (fig. SSA). In this way, we could 
modulate mKATE2 expression, driven by the 
Shh responsive Ptch1, using small-molecule 
activators and inhibitors of Shh signaling. To 
measure mMKATE2 stability in neural progenitors, 
we induced mKate2 expression by addition of 
SAG (fig. S8B). Then, we added the smoothened 
antagonist vismodegib (42) to block Shh sig- 
naling, thereby repressing new mKATE2 pro- 
duction. We assayed the decay of mKATE2 
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20 6 


1 92 3 4 = 65 
protein half-life fold change 


fluorescence in inhibited cells. FACS analysis 
showed a half-life of 17.7 + 2.3 hours for mKate2 
in mouse cells. By contrast, the half-life of the 
same mKATE2 protein in human cells was 32.9 + 
7.3 hours (Fig. 6, B and C). These results indi- 
cate that protein half-life is species-specific. 
The long half-life of mKATE2 raised the 
possibility that dilution, after cell division, 
contributed to the measured decay rate (39). 
Differences in the cell cycle time between 
mouse and human cells have been measured 
(43-46) and could therefore contribute to the 
difference in mKATE2 lifetime in neural pro- 
genitors. To test this, we assayed total cell 
cycle length using cumulative 5-ethynyl-2’- 
deoxyuridine (EdU) labeling of mouse and 
human neural progenitors (Fig. 6, D and E, 
and fig. S9, A and B) (47). Cell cycle duration in 
equivalent staged neural progenitors from mouse 
and human was 10.8 + 8.3 hours compared with 
28.4 + 13.9 hours, respectively, in accordance with 
cell cycle measurements in other human and 
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Fig. 6. Protein decay and cell cycle account for the speed differences between species. (A) Normalized 


measurements of mouse and human NKX6.1, OLIG2, SOX1, and SOX2 from AHA pulse-chase experiments 
using AHA-labeled and purified proteins. Line and shaded areas show best exponential fit and 95% Cls 
(mouse n = 3; human n = 3 for OLIG2 and NKX6.1, n = 4 for SOX1 and SOX2). (B) Normalized intensity 
measurements of mKATE2 in mouse and human Ptchl::T2A-mKate2 cell lines. Line and shaded areas show 
best exponential fit and 70% HDI (mouse n = 7; human n = 4). (C) Estimated half-lives for mKATE2 in 
mouse (orange) and human (blue) cells. Boxplots indicate the 25th to the 75th percentile of the range, and 
whiskers show values within 1.5 times the interquartile range of the 25th and 75th percentiles. (D) Cell cycle 
measurements of mouse neural progenitors at day 2 and human neural progenitors at days 4 and 8. Line and 
shaded areas show best fit and 80% HDI (mouse n = 5, human day 4 n = 4, human day 8 n = 5). (E) Cell cycle 
ength estimations in mouse neural progenitors at day 2 and human neural progenitors at days 4 and 8. 


Boxplots indicate the 25th to the 75th interquartile range, and whiskers show values within 1.5 times the inter- 
quartile range of the 25th and 75th percentiles. For all plots, mouse data are colored orange and human 
data are blue. In (C) and (E), statistical significance (**) corresponds with <0.01 overlap between the 


distributions of parameter estimations. 


mouse cell types (43-46). Thus, similar to the 
proteome, the cell cycle operates 2 to 2.5 times 
faster in mouse compared with human. Because 
progress through the cell cycle is controlled by 
protein degradation (48, 49), the difference in 
cell cycle rate between mouse and human cells 
may also be a consequence of a global change 
in protein stability. 

Taken together, the data indicate that the 
dynamics of the GRN associated with the 
embryonic generation of MNs progresses two 
to three times faster in mouse cells than in 
human cells. A similar difference in the tempo 
of the segmentation clock between mouse and 
human has also been observed (J0, 12). These 
differences do not appear to arise from a bottle- 
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neck caused by a specific rate-limiting event 
in MN generation. Moreover, neither changes 
in the dynamics of signaling nor variations in 
genomic regulatory sequences appear to ac- 
count for the species-specific tempos. Instead, 
the correlated ~2.5-fold differences in cell cycle 
length and general protein stability suggest 
that the temporal scaling in developmental 
processes results from global differences in 
key kinetic parameters that broadly affect 
the tempo of molecular processes. What sets 
this global tempo remains to be determined 
but could involve the differences in the rates 
of pivotal molecular processes such as global 
changes in proteostasis or differences in the 
overall metabolic rate of cells. How these af- 
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fect the pace at which GRNs elaborate and how 
such variations are assimilated to ensure the 
development of robust and appropriately pro- 
portioned tissues need to be addressed. The 
availability of in vitro systems that mimic in 
vivo developmental allochrony open up the 
possibility of exploring these issues. 


Materials and methods 
Tissue preparation 


Human embryonic material (4 to 6 weeks 
of gestation) was obtained from the MRC/ 
Wellcome-Trust (grant no. 006237/1) funded 
Human Developmental Biology Resource (HDBR; 
www.hdbrorg) with appropriate maternal writ- 
ten consent and approval from the London 
Fulham Research Ethics Committee (18/LO/ 
0822) and the Newcastle and North Tyneside 
NHS Health Authority Joint Ethics Committee 
(08/H0906/21+5). HDBR is regulated by the 
UK Human Tissue Authority (HTA; www.hta. 
gov.uk) and operates in accordance with the re- 
levant HTA codes of practice. This work was 
part of project no. 200378 registered with the 
HDBR. Tissue was fixed in 4% paraformaldehyde 
(PFA) overnight at 4°C, washed in PBS, and 
transferred to 15% sucrose in phosphate buffer 
overnight at 4°C. Embryos were subsequently 
embedded in gelatin solution (7.5% gelatin, 15% 
sucrose in phosphate buffer) and snap-frozen 
in isopentane on dry ice. Transverse cryosec- 
tions (thickness: 14 um) were cut using a Leica 
CM3050S cryostat (Leica Microsystems Limited, 
Milton Keynes, UK) and placed on Superfrost 
Plus slides (Thermo Scientific 10149870). Slides 
were stored at —80°C until ready to be processed 
for immunohistochemistry. After immunohisto- 
chemistry, 22-mm-by-50-mm no. 1.5 thickness 
coverslips (VWR 631-0138) were mounted onto 
the sections using ProLong Gold antifade re- 
agent (Invitrogen P36930). 

Mouse spinal cord tissue was prepared in the 
same way as described (50). All animal proce- 
dures were carried out in accordance with the 
Animal (Scientific Procedures) Act 1986 under 
the Home Office project license PPL80/2528 
and PD415DD17. 


Immunostaining and microscopy 


Immunohistochemistry on human and mouse 
spinal cord tissues, and on mouse and human 
cells, was performed as described previously 
(50). Primary antibodies were diluted as follows: 
rabbit anti-PAX6 (Millipore AB2237, 1:500), 
goat anti-OLIG2 (R&D AF2418, 1:800), mouse 
anti-NKX2.2 (DSHB 74.5A5, 1:500), mouse anti- 
HB9/MNX1 (DSHB 81.5C10, 1:40), goat anti- 
ISLI (R&D AF1837, 1:1,000), mouse anti-HOXC6 
(Santa Cruz Biotechnology sc-376330, 1:200), 
mouse anti-TUBB3 (Covance MMS-435P, 1:500), 
chicken anti-TUBB3 (Abcam ab107216, 1:500), goat 
anti-SOX2 (R&D AF2018, 1:500), goat anti- 
SOX9 (R&D AF3075, 1:250), rabbit anti-NFIA 
(Atlas antibodies HPA008884, 1:500), mouse 
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anti-CDX2 (abcam ab157524, 1:500), and goat 
anti-BRACHYURY (R&D, AF2085, 1:500). 
The anti-NKX2.2 and anti-MNX1 monoclonal 
antibodies developed by T. M. Jessell were 
obtained from the Developmental Studies 
Hybridoma Bank. Alexa secondary antibodies 
(Life Technologies or Jackson Immunoresearch) 
used throughout this study were diluted 1:1000, 
and nuclei were counterstained with 4’,6- 
diamidino-2-phenylindole (DAPI). 
Cryosections were imaged using a Leica SP8 
confocal microscope equipped with a 20x NA 
0.75 dry objective, or a Leica SP5 confocal 
microscope. Cells were imaged using a Zeiss 
Imager.Z2 microscope using the ApoTome.2 
structured illumination platform or using a 
Leica SP5 confocal microscope. Z stacks were 
acquired and represented as maximum inten- 
sity projections using ImageJ software. Pixel 
intensities were adjusted across the entire 
image in Fiji. The same settings were applied 
to all images. Immunofluorescence was per- 
formed on a minimum of three biological rep- 
licates, from independent experiments. 


Image analyses of mouse and human spinal 
cord sections 


Image analysis was performed in Fiji (http:// 
fiji.sc/Fiji) and data analysis in Python3.7 
(www.python.org). Section length was first 
measured by tracing a straight line from 
roofplate to floorplate. The mean fluorescence 
intensity in immunostained sections was quan- 
tified across a 12-um region adjacent to the 
apical lumen using a Fiji macro described 
in Zagorski and Kicheva (57). Hemisections of 
each tube were treated independently. The 
data was background-subtracted and smoothed 
with a 5-um moving average. To unify the reso- 
lution across stages, profiles were rescaled to 
the same 100 relative spatial positions by linear 
interpolation. Domain boundaries were defined 
as the positions where the intensity increased 
or decreased above or below 20% of maximum. 
During this analysis, three human sections 
from different stages were discarded because 
of obvious irregularities in their background 
levels. 

The number of progenitors in each TF do- 
main was inferred from the TF expression do- 
main area and the average density of colocalizing 
DAPI-stained nuclei. The number of total 
neurons per hemisection was inferred from 
the DAPI", SOX2° area and the average density 
of ISL1* neurons. Finally, the number of motor 
neurons found in a ventral horn was inferred 
from the ISL1*, HB9* area and the average 
density of ISL1* neurons. In all cases, cellular 
density was manually determined from a sub- 
set of sections from each stage. 

The following number of sections stained 
for DAPI, PAX6, OLIG2, and NKX2.2 were 
analyzed. For mouse: E8.5 n = 2, E9.0 n = 4, 
E9.5 n = 8, E10.0 n = 3, El0.5 n = 6, El.5 n = 2; 
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and for human: CS11 2 = 2 sections from one 
embryo, CS13 n = 5 from two embryos, CS14 
n = 6 from three embryos, CS15 2 = 7 from 
two embryos, CS17 n = 4 from one embryo, 
CS19 n = 2 from one embryo. For DAPI, ISL1, 
HB9, and SOX2 analyses, the following num- 
ber of sections were analyzed. For mouse: E9.0 
n = 2, E9.5 n= 4, El0.5 n = 9, Ell.0 n = 4, E12.5 
n = 3; and for human: CSI1 n =2 from one em- 
bryo, CS13 n = 2 from one embryo, CS15 7 = 2 
sections from one embryo, and CS17 n = 3 sec- 
tions from one embryo. 


Cell culture and neural progenitor differentiation 


All mouse ESCs (HM1, D3, and Ptch1::T2A- 
mKate2 mouse ESC line) were propagated on 
mitotically inactivated mouse embryonic fibro- 
blasts (feeders) in DMEM knockout medium 
(Thermo Fisher Scientific 10829018) supple- 
mented with 2000 U/ml ESGRO-LIF (Sigma 
Aldrich ESG117), 10% cell-culture validated fetal 
bovine serum, penicillin and streptomycin, and 
2 mM L-glutamine (Thermo Fisher Scientific 
25030024). The 47-1 (hChr21) cell line (37) was 
maintained with 0.8ul/ml of G418 (Thermo 
Fisher Scientific 10131027) to select for cells 
carrying the human chromosome 21. 

H9 ESC line (WiCell), and Ptch1::T2A-mKate2 
H9 ESC lines were routinely cultured in Es- 
sential 8 medium (Thermo Fisher Scientific 
A1517001) on 0.5-ug/cm? laminin-coated plates 
(Thermo Fisher Scientific A29249) and split 
using Versene (Gibco 15040066). 

To obtain mouse neural progenitors of pos- 
terior identity, mouse ESCs were dissociated 
with 0.05% trypsin, feeders removed by dif- 
ferential binding to gelatin-coated plates, and 
60,000 to 80,000 cells were plated per 35-mm 
CellBIND dish in N2B27 medium supple- 
mented with 10 ng/ml of bFGF (Peprotech 
100-18B) from days —3 to -1. On day —1, N2B27 
was supplemented with 10 ng/ml bFGF (Pepro- 
tech 100-18B), 5 uM CHIR99021 (Axon 1386), 
10 uM $B431542 (LT $04.00), and 2 uM DMH1 
(Adoog Bioscience A12820). From day 0 onward, 
cells were cultured in N2B27 supplemented with 
100 nM RA (Sigma Aldrich R2625) and 500 nM 
SAG (Calbiochem 566660) for neural induc- 
tion. Medium was changed daily. N2B27 medium 
contained a 1:1 ratio of DMEM/F12:Neurobasal 
medium (Thermo Fisher Scientific 21331020 
and 21103049) supplemented with 1X N2 
(Thermo Fisher Scientific 17502001), 1X B27 
(Thermo Fisher Scientific 17504001), 2 mM 
L-glutamine (Thermo Fisher Scientific 25030024), 
40 mg/ml bovine serum albumin (BSA) (Sigma 
Aldrich A7979), penicillin and streptomycin 
(Thermo Fisher Scientific 15140122), and 0.1 mM 
2-mercaptoethanol (Thermo Fisher Scientific 
21985023). 

For human MN differentiation, cells were 
split with Versene (Gibco 15040066) and plated 
as clusters of ~20 cells on 1-u2/cm? fibronectin- 
coated (Millipore FCO10) wells in N2B27 me- 
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dium supplemented with 3 uM CHIR99021 
(Axon 1386), 5 ng/ml bFGF (Peprotech 100-18B), 
10 uM $B431542 (LT $0400), 2 uM DMH1 
(Adoogq Bioscience A12820), and 10 uM ROCK 
inhibitor (Tocris Y-27632) from days —3 to -1. 
Rock inhibitor was removed after 48 hours. 
On day 0, the cells were dissociated using ac- 
cutase (Thermo Fisher Scientific A1110501), 
and 175,000 cells were plated per fibronectin- 
coated 35-mm dish on N2B27 medium contain- 
ing 100 nM RA (Sigma Aldrich R2625) and 
500 nM SAG (Calbiochem 566660) with 10 uM 
ROCK inhibitor (Tocris Y-27632). Rock inhib- 
itor was removed 48 hours after plating, and 
medium was replaced every other day. All ex- 
periments involving hESCs have been approved 
by the UK Stem Cell Bank steering committee 
(ref SCSC14-18). 


Generation of Ptch1::T2A-mKate2 mouse and 
human ESC lines by CRISPR 


For CRISPR-Cas9-mediated homologous re- 
combination, short guide RNA (sgRNA) se- 
quences (mouse: GTGGGGGAGCAGCTCCAACTG, 
human: GTGAGTGCCACTGACAA) were cloned 
into pSpCas9(BB)-2A-Puro (Addgene pX459 
plasmid no. 62988). As donor vector, the T2A- 
3xNLS-FLAG-mKate2 cassette (26) was inserted 
at the 3’ end of the Patched! open reading frame, 
using 2.1-Kb upstream and 2.8-Kb downstream 
arms for mouse and 1.88-Kb upstream and 
0.98-Kb downstream homology arms for human. 

For mouse ESC targeting, HM1 ESCs were 
electroporated as in Gouti et al. (52). For human 
ESC targeting, 2 x 10° cells were electroporated 
with 2 ug of each plasmid using program A23 of 
Nucleofector II (Amaxa) and human stem cell 
Nucleofector I kit (Lonza VPH-5012). Electro- 
porated cells were plated on Matrigel (Corning 
734-1101) coated six-well plates and maintained 
in mTeSR and 10 uM ROCK inhibitor (Tocris 
Y-27632). For selection, colonies were first 
treated with 0.5 ug/ml Puromycin (Sigma P9620) 
for 2 days followed by 50 ug/ml Geneticin 
(Thermo Fisher 10131027) selection. Then, the 
colonies were dissociated using accutase (Thermo 
Fisher Scientific A1110501) and plated at low 
density to allow for clonal growth. Individual 
colonies were picked using a 20-1 pipette tip, 
dissociated in accutase (Thermo Fisher Scien- 
tific A1110501), and replated to allow expansion 
and a second round of Geneticin selection. 
Correct integration of the T2A-3xNLS-FLAG- 
mKate2 transgene was verified using long- 
range PCRs and Sanger sequencing. 


RNA extraction, cDNA synthesis, 
and qPCR analysis 


RNA was extracted from cells using RNeasy 
mini kit (QIAGEN 74106), following the man- 
ufacturer’s instructions. Extracts were digested 
with DNase I (QIAGEN 79254) to eliminate 
genomic DNA. First strand cDNA synthesis 
was performed using Superscript III (Thermo 
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Fisher 18080051) using random hexamers and 
was amplified using PowerUp SYBR green 
(Applied Biosystems A25918). qPCR was per- 
formed using the QuantStudio 5 Real-Time 
PCR system. For mouse samples, expression 
values for each gene were normalized against 
B-actin, using the delta-delta CT method. For 
human samples, expression values for each gene 
were normalized against B-ACTIN and glycer- 
aldehyde phosphate dehydrogenase (GAPDH). 
All experiments were performed with at least 
two biological replicates. For human and 
mouse comparisons and to compare between 
the mouse wt line and hChr21, data was nor- 
malized to its maximum levels. Error bars rep- 
resent standard deviation. Two-way analysis 
of variance (ANOVA) with multiple Tukey post 
hoc tests comparing the distribution of time 
points around the maximum expression be- 
tween mouse and human for each gene were 
performed. Mouse and human qPCR primers 
used are listed in table S1. Data were processed, 
normalized, and plotted using geom_smooth() 
function with loess fitting in R. 


RNA sequencing (RNA-seq) library preparation 
and data analysis 


Total RNA was purified using the RNeasy mini 
kit (QIAGEN 74106) according to the manu- 
facturer’s instructions. Three separate RNA li- 
braries were barcoded and prepared for each 
time point per species (biological triplicates). 
Indexed libraries were pooled and sequenced 
on an Illumina HiSeq 4000 flow cell configured 
to generate 101 cycles of single-ended data. Raw 
data was demultiplexed and FastQ files created 
using bel2fastq (2.20.0). Technical replicates 
between lanes on the flow cells were merged 
by concatenation of the FastQ files prior to 
analysis into biological replicate datasets, 
each of which contained 30 million to 45 mil- 
lion reads. 

Biological replicate datasets were analyzed 
using the BABS-RNASeq (https://github.com/ 
crickbabs/BABS-RNASeq) Nextflow (53) pipe- 
line developed at the Francis Crick Institute. 
The GRCm38 mouse and the GRCh38 human 
reference genomes were used with the Ensembl 
release-89 (54) gene annotations. Dataset qual- 
ity was assessed by FastQC (0.11.7, Andrews, 
https://www.bioinformatics.babraham.ac.uk/ 
projects/fastqc/), RSeQC [2.6.4 (55)], RNA-SeQC 
(66), and Picard (2.10.1, http://broadinstitute. 
github.io/picard), and expression was quan- 
tified by STAR [2.5.2a (57)] and RSEM (58) 
using the BABS-RNASeq pipeline. 

DP_GP_cluster (59) was used to cluster the 
mean estimated transcripts per million (TPM) 
across time courses using default parame- 
ters and the -fast, -true_times, and -check_ 
convergence options. Genes other than Isl1, 
Nkx2-2, Olig2 and Pax6, whose range of TPM 
values was 50 or more, were considered for this 
analysis. Enrichment of homologous genes 
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between expression clusters was assessed using 
the phyper() function in R. After multiple test- 
ing correction by false discovery rate (FDR), 
a significance threshold of 0.001 was applied 
to identify homologous pairs. Groups of con- 
nected homologous pairs were identified using 
clusterQ) in igraph (1.2.2, 60) for R. 

Expression profiles for specific genes during 
the time course were compared between hu- 
man, mouse, and mouse-corrected using two- 
way ANOVA with multiple Tukey post hoc 
tests. The data were analyzed individually, 
without assuming a consistent standard devi- 
ation. Significant changes were considered 
below a FDR of 0.001. 


Time factor estimations 


The Pearson correlation time factor ( f) was 
obtained by minimizing the Euclidian distance 
between the linear relationship ¢ and each 
interspecies time point pair weighted with the 
Pearson correlation coefficient of each pair. 
Error was calculated by bootstraping. 
Time-scaling factors f between RNA-seq 
profiles of genes and clusters were obtained 
from the normalized gene expression tempo- 
ral profiles y(t), by minimizing the distance 
(Ynuman; Ymouse) between the human expres- 
sion profile and the scaled profile of mouse 
d=S[Ytuman(t) — A Ymouse(t -.f + B)|?dt.Con- 
tinuous profiles were obtained using Akima 
spline interpolation, whereas the minimiza- 
tion of the distance was performed using the 
Nelder-Mead method. The reported ensemble 
of time-scaling factors correspond with each 
possible interspecies pair of replicates. 


Single-molecule RNA FISH 


Mouse neural progenitors were seeded on 
Matrigel-coated (Corning 734-1101) coverslips, 
and human NPs were plated on fibronectin- 
coated coverslips. Samples were washed in 
1 ml of 1X phosphate-buffered saline (PBS), 
and the coverslip was fixed in 1 ml of fixation 
buffer (4% paraformaldehyde in 1X PBS) at 
room temperature for 15 min. The fixed cells 
were washed with 1X PBS and then permea- 
bilized at 4°C for at least 24 hours using 70% 
(vol/vol) ethanol. Cells were subsequently re- 
hydrated with 1 ml of wash buffer (10% for- 
mamide, 2X SSC, and 0.25% Triton in water) 
for 15 min before incubating in 100 ul of hy- 
bridization buffer (nuclease free water with 
10% dextran sulfate, 10% formamide, and 2X 
SSC buffer) containing 125 nM probe and goat 
anti-OLIG2 (R&D AF2418, 1:800) at 37°C in 
the dark overnight. The next day, the cover- 
slips were washed for 30 min at 37°C in wash 
buffer with Alexa Fluor 488 secondary antibody 
(Life Technologies A-11055, 1:2000). Nuclei were 
counterstained with DAPI for 5 min. Coverslips 
were washed once with GLOX solution (Tris 
pH 8.0 10mM, 2x SSC buffer, 0.4% glucose) 
and mounted on Antifade solution (GLOW 
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with 1 ul of catalase (Sigma-Aldrich C3515) and 
1 ul of glucose oxidase (Sigma-Aldrich G2133; 
dissolved in 50 mM sodium acetate, pH 5.5, to 
a concentration of 3.7 mg/ml). Mouse-specific 
and human-specific Olig2 and Sox2 probes 
conjugated to Quasar 570, CAL Fluor Red 610, 
or Quasar 670 were designed using the Stellaris 
Probe Designer online tool and ordered from 
LGC Biosearch Technologies. A list of the in- 
dividual probes in the probe sets used for this 
study is available in table S2. 

Samples were imaged with an Olympus wide- 
field BX61 microscope equipped with a 60X 
oil UPlanFL N objective (with a 0.9 numer- 
ical aperture), an iXon Ultra EMCCD camera 
(Andor Technology), and a BX2 filter cube with 
the following filters specific for smFISH: 49304 
(Gold FISH), 49310 (Red-2 FISH), and 49307 
(Far Red FISH), all from Chroma Technology 
Corporation. Z-stacks of 8.1 um were acquired, 
with a 0.3-um distance between individual 
optical planes, for each wavelength, starting 
with DAPI, Alexa Fluor 488, Quasar 670, then 
CAL Fluor Red 610, and then Quasar 570. Typ- 
ical illumination times are 1.5 s for Quasar 
670, 1s for CAL Fluor Red 610, 1 s for Quasar 
570, 200 ms for Alexa Fluor 488, and 1 ms for 
DAPI. The acquired planes for each Z-stack 
were focused to ensure maximum coverage of 
cellular volume and minimum empty areas. 
The microscope, camera, and hardware were 
controlled through the Micro-Manager soft- 
ware (ImageJ). 

A minimum of 10 Z-stacks were acquired 
per dataset. For quantifications, OLIG2* cells 
were manually segmented with Icy (67) on 
maximum-intensity projections of the images. 
The output of Icy plugin consisted of individ- 
ual .xls files for each location and fluorescence 
channel imaged. Each file contained the spot 
XY coordinates, spot mean fluorescence inten- 
sity, and spot area for all the spots detected 
within the segmented cells in a given image. A 
custom-made Python script was used to gather 
all the information across multiple .xls files in 
just one file per experiment. The total number 
of spots detected per cell, which are presumed 
to be representative of the total number of 
mRNAs per cell, was obtained by counting 
the total number of detected spots within 
each cell, which were uniquely identified on 
the basis of their cell line, sample day, image, 
and cell identifier number. Data analysis and 
visualization were carried out in R. Estimation 
stats were performed using the R package 
dabestr (62). 


Intracellular flow cytometry 


Cells were dissociated with 0.5 ml of accutase 
(Thermo Fisher Scientific A1110501) and fixed 
in 4% paraformaldehyde in PBS for 5 min. For 
stainings, 1 x 10° cells were used. Cells were 
incubated overnight with an antibody mix on 
PBST with 1% BSA at 4°C. The next day, and 
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when OLIG2 (R&D AF2418, 1:800) primary 
antibody was used, cells were pelleted and 
incubated with Alexa Fluor secondary anti- 
bodies (1:1000) at room temperature for 1 hour. 
Cells were resuspended in 0.5 ml of PBS and 
filtered for data acquisition on LSR Fortessa 
or LSRII cytometers. Ten thousand events 
gated on SOX2 were recorded. The following 
fluorophore-conjugated antibodies were used: 
SOX2-V450 (BD 561610, 1:100), PAX6-488 (BD 
561664, 1:50), and NKX6.1-PE (BD 563338, 
1:50). Analysis was performed using FlowJo 
software. Cells were gated on SOX2 before 
plotting. For comparisons between mouse and 
human, the time points with the maximum 
percentage of positive cells were compared 
using two-way ANOVA with multiple Tukey 
post hoc tests. 


Global RNA and protein stability measurements 


To measure RNA stability, cells were cultured 
for 3 hours in differentiation medium supple- 
mented with 1 mM EU. After the pulse, cells 
were washed once with PBS, and cells were 
grown on fresh medium over the course of the 
experiment. For proteome stability measure- 
ments, cells were starved by replacing complete 
differentiation medium with methionine-free 
medium for 30 min. Next, 100 uM AHA (1- 
azidohomoalanine, Sigma 900892) was added 
to the methionine-free medium for 1 hour. 
To measure protein stability, AHA pulse was 
removed by washing the cells once with PBS 
and growing the cells on complete differenti- 
ation medium for the course of the experi- 
ment. On the indicated days of differentiation 
and at specific time points after EU or AHA 
removal, cells were processed for intracellular 
flow cytometry. EU-incorporated RNAs were 
labeled using Click-iT RNA Alexa Fluor 488 
HCS Assay (Thermo Fisher Scientific C10327), 
and AHA-incorporated proteins were labeled 
using Click-iT Cell Reaction Buffer Kit (Thermo 
Fisher Scientific C10269) on a volume of 150 ul 
per sample reaction. A minimum of two bio- 
logical replicates per species per time point 
from independent experiments were used. For 
EU quantifications, the mouse dataset con- 
sisted of three independent replicates and two 
measured in duplicates (n = 5); human day 4 
was measured with two biological replicates 
in duplicates (7 = 4); and human day 8 was 
performed in triplicate, two of them in dupli- 
cates (n =5). For AHA quantifications, the 
mouse dataset consists of three replicates, one 
of them including triplicates and one with 
duplicates (n = 6); human day 4 and day 8 
consists of two biological replicates with 
duplicates (n = 4). 

The geometric mean for each time point 
was obtained from the distributions of inten- 
sities and a time series F;(t) was generated 
for each replicate. An initial exponential fit 
yi(t) = By + (C; — Bi)exp(—kit) was used for 
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each individual replicate. These parameters 
were used to normalize each fluorescence time 
series as F; norm = Rl) B , allowing the com- 
parison of all replicates together. Bootstraps of 
the normalized replicate time series ensemble 
were fit to the exponential decay y(t) = 
exp(—At). The intervals reported correspond 
with 99% high density interval (HDI) of the 
resulting distribution of decay rates. 


Metabolic labeling, biotin conjugation, and 
streptavidin pull-down of nascent RNA 


Mouse day 2 and human day 8 neural pro- 
genitors were pulsed with 1 mM of EU for 
3 hours and chased with complete medium for 
0, 50, 90, and 180 min postpulse. Cells were 
dissociated using accutase and rinsed in PBS, 
and pellets were resuspended in 600 ul of RLT 
buffer (QIAGEN RNeasy kit) and stored at -80°C 
until needed. RNA was extracted following the 
RNA extraction procedure indicated above. 
Next, the Click-iT Nascent RNA Capture Kit 
(Invitrogen C10365) was used to biotinylate and 
streptavidin purify nascent transcripts. Briefly, 
2 ug of RNA was clicked to biotin and cleaned 
up in a 50-u1 reaction according to the manu- 
facturer’s instructions. For biotinylated RNA 
binding to streptavidin T1 magnetic Dyna- 
beads (Thermo Fisher Scientific 65601), 1 ug of 
RNA was used and 24 ul of Dynabeads were 
used per sample. RNA bound to the beads was 
immediately used for cDNA synthesis using 
the SuperScript VILO cDNA synthesis kit (cat. 
no. 11754-050) in a 50-ul reaction, and cDNA 
was eluted from the beads by at 85°C for 5 min. 
Mouse cDNA samples were diluted 1/5, whereas 
human cDNA samples were diluted 1/4 for 
qPCR analysis. For RNA enrichment analysis, 
expression values for each gene were normal- 
ized against B-actin, using the delta-delta CT 
method. To compare between biological repli- 
cates and species, maximum levels were nor- 
malized to 1, and nonlinear one-phase decay 
with 95% CI curves were fitted using GraphPad 
Prism version 8. Three biological replicates 
from independent experiments were used. 


Metabolic labeling, biotin conjugation, and 
streptavidin pull-down of nascent proteins 


After 1-hour incubation in methionine free 
medium (Thermo Fisher Scientific 21013024), 
nascent proteins were labeled for 2 hours with 
1mM AHA (L-azidohomoalanine, Sigma 900892). 
AHA was washed away, and cells either col- 
lected for protein extracts or fed with complete 
differentiation medium then collected for pro- 
tein extracts at the indicated time points. The 
cells were dissociated using accutase and rinsed 
in PBS, and the pellets were frozen on dry ice 
and stored at —80°C until needed. To prepare 
protein extracts, cells were lysed in 50 mM 
Tris pH 8, 1% SDS, 250 U/ml benzonase (Pierce 
88700), and one tablet per 3.5 ml of lysis buffer 
protease inhibitors (Roche 04693159001). Pro- 
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tein content of the cell lysates was measured 
using the BCA protein assay kit (Pierce 23225). 
One milligram of total protein per sample was 
labeled using biotin alkyne (Invitrogen B10185) 
and Click-it technology (Click it Protein Reac- 
tion Buffer kit, Invitrogen 10276). Labeled pro- 
tein extracts were purified by desalting columns 
Zeba 7-kDa MWCO (Thermo Fisher Scientific 
89892) and mixed with washed magnetic 
streptavidin beads (400 ul of slurry per sample, 
Thermo Fisher Scientific 65602) for 16 hours at 
4°C. The beads were washed four times with 
0.1% SDS, 0.1% BSA PBS, once with 0.1% SDS, 
0.1% BSA PBS, and biotinylated proteins were 
recovered by heating at 92°C for 10 min in 2X 
Laemmli buffer. 


Western Blots and band intensity measurements 


Samples were loaded on 12% precast gels 
(Biorad 10 or 15 wells, 4561043 or 4561046, re- 
spectively) and run at 110 V for 1 hour 45 min. 
Proteins were transferred on nitrocellulose 
membrane (Amersham 10600012) at 300 mA 
for 2 hours. Membranes were treated with 
tris-buffered saline (TBS) blocking buffer at 
room temperature for 30 min. Primary anti- 
bodies were applied in 0.1% Tween-20, TBS 
blocking buffer for 16 hours at 4°C. The pri- 
mary antibodies used were rabbit anti-OLIG2 
(Millipore AB9610, 1:2000), goat anti-OLIG2 
(R&D AF2418, 1:1000), mouse anti-NKX6.1 (DSHB 
F55A10, 1:100), rabbit anti-NKX6.1 (Novus Bio- 
logicals NBP1-49672, 1:1000), goat anti-SOX1 
(R&D AF3369, 1:500), and rabbit anti-SOX2 
(Millipore AB5603, 1:500). Secondary antibodies 
were applied in 0.2% Tween-20, 0.01%SDS, TBS 
blocking buffer for 2 hours at room temperature. 
Secondary antibodies were sourced from LICOR: 
goat anti-rabbit 800CW (926-32211, 1:5000), 
donkey anti-mouse 680LT (925-68022, 1:10000), 
donkey anti-goat 80OCW (925-32214, 1:5000), 
and donkey anti-rabbit 680LT (925-68023, 
1:10000). When required, membranes were 
stripped using NewBlot IR stripping buffer 
(Licor 928-40028) for 30 min at room temper- 
ature. The membranes were scanned using an 
Odyssey CLx gel documentation set up. Band 
intensities were measured using Fiji and plotted 
using GraphPad Prism version 8 following 
the procedure described for nascent RNA pull- 
downs. A minimum of three biological replicates 
per species from independent experiments were 
used. The mouse dataset consists of three bio- 
logical replicates; human detection of OLIG2 
and NKX6.1 stability corresponds to three bio- 
logical replicates, and detection for SOX1 and 
SOX2 was from four biological replicates. 


mKATE2 stability measurements 


To measure MKATE2 stability, cells were ex- 
posed to 100 nM RA and 1 uM SAG from day 0 
on the neural differentiation protocol to in- 
duce maximum levels of Ptch1::T2A-mKate2 
expression driven from the Ptch1 locus. Next, 
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5 uM Vismodegib (Cayman Chemical GDC- 
0449) was added when mKate2 intensity was 
maximal, and samples were collected at the 
indicated time points. Samples were stained 
with Live/Dead cell stain (Thermo Fisher 
Scientific L34976) as per the manufacturer’s 
instructions and fixed. mKATE2 intensity was 
quantified by FACS using the 610/20 yellow 
red excitation laser on LSR Fortessa cytom- 
eters. Analysis was performed using FlowJo 
software. mKATE2 half-life estimations were 
performed following the same procedure as 
for the proteome stability. A minimum of two 
biological replicates in duplicates per species 
per time point from independent experiments 
were used. Mouse experiments comprised four 
biological replicates, with three performed in 
duplicates n =7; human quantifications cor- 
respond to two biological replicates in dupli- 
cates: n = 4) 


Cell cycle measurements 


0.5 uM EdU (Thermo Fisher Scientific C10633) 
was added to mouse and human neural pro- 
genitors at the indicated days of differentiation. 
Samples were then collected in duplicates at the 
indicated time points and processed for intra- 
cellular flow cytometry. For EdU detection, 
the Click-iT Plus EdU Alexa Fluor 488 Flow 
Cytometry Assay Kit (Thermo Fisher Scientific 
C10633) was used according to the manufac- 
turer’s instructions, at a volume of 200 ul per 
sample reaction. For EdU incorporation mea- 
surements, cells were counterstained with DRAQ5 
(Cell Signaling 40845, 1:10,000) to measure DNA 
content. Cells were gated on SOX2 and EdU, and 
the percentage of positive cells per time point was 
recorded. Estimates of cell cycle parameters were 
obtained by assuming that independent cells 
in the population advance at the same speed 
along the cell cycle, so the fraction [7r(t)] of 
Edu-positive cells increases linearly in time 
until a time equal to the cell cycle duration (7) 
at which point all the responsive cells are stained 
(4/)r(t) = rymin{l,79 + t(1—70)/T]. The 
initial fraction of cells stained at the pulse (79 ) 
and the maximum fraction of cells labeled in 
the population (7) are parameters of the 
model. Flat prior distributions for the three 
parameters (T,70,7m), and a Gaussian dis- 
tributed likelihood around the model prediction, 
were used to determine the posterior probability 
distribution of the parameters using PyDream 
Markov chain Monte Carlo implementation 
(63). The reported parameters in the manu- 
script correspond with the 99% HDI of the 
marginal posterior distribution for the cell 
cycle duration T. A minimum of two biological 
replicates in duplicates per species per time 
point from independent experiments was used. 
For mouse, three biological replicates with two 
in duplicates were performed (7 = 5); for human 
day 4, two biological replicates in duplicates 
n = 4; and for human day 8, three biological 


replicates, two of which were performed in 
duplicates (m = 5). 


REFERENCES AND NOTES 


1. K. Toma, T.-C. Wang, C. Hanashima, Encoding and decoding 
time in neural development. Dev. Growth Differ. 58, 59-72 
(2016). doi: 10.1111/dgd.12257; pmid: 26748623 

2. M. Ebisuya, J. Briscoe, What does time mean in development? 
Development 145, dev164368 (2018). doi: 10.1242/dev.164368; 
pmid: 29945985 

3. S. Herculano-Houzel, The remarkable, yet not extraordinary, 
human brain as a scaled-up primate brain and its associated 
cost. Proc. Natl. Acad. Sci. U.S.A. 109 (suppl. 1), 10661-10668 
(2012). doi: 10.1073/pnas.1201895109; pmid: 22723358 

4. J. van den Ameele, L. Tiberi, P. Vanderhaeghen, 

. Espuny-Camacho, Thinking out of the dish: What to learn 

about cortical development using pluripotent stem cells. 

Trends Neurosci. 37, 334-342 (2014). doi: 10.1016/ 

j.tins.2014.03.005; pmid: 24745669 

5. C.C. Gertz, J. H. Lui, B. E. LaMonica, X. Wang, A. R. Kriegstein, 

Diverse behaviors of outer radial glia in developing ferret 

and human cortex. J. Neurosci. 34, 2559-2570 (2014). 

doi: 10.1523/ JNEUROSCI.2645-13.2014; pmid: 24523546 

6. D.V. Hansen, J. H. Lui, P. R. L. Parker, A. R. Kriegstein, 

Neurogenic radial glia in the outer subventricular zone of 

human neocortex. Nature 464, 554-561 (2010). doi: 10.1038/ 
nature08845; pmid: 20154730 

7. J. Briscoe, S. Small, Morphogen rules: Design principles of 
gradient-mediated embryo patterning. Development 142, 
3996-4009 (2015). doi: 10.1242/dev.129452; pmid: 26628090 

8. B..N. Davis-Dusenbery, L. A. Williams, J. R. Klim, K. Eggan, 
How to make spinal motor neurons. Development 141, 491-501 
(2014). doi: 10.1242/dev.097410; pmid: 24449832 

9. A. Kicheva et al., Coordination of progenitor specification and 
growth in mouse and chick spinal cord. Science 345, 1254927 
(2014). doi: 10.1126/science.1254927; pmid: 25258086 

10. C. Gomez et al., Control of segment number in vertebrate 
embryos. Nature 454, 335-339 (2008). doi: 10.1038/ 
nature07020; pmid: 18563087 

ll. A. Hubaud, O. Pourquié, Signalling dynamics in vertebrate 
segmentation. Nat. Rev. Mol. Cell Biol. 15, 709-721 (2014). 
doi: 10.1038/nrm3891; pmid: 25335437 

12. M. Matsuda, H. Hayashi, J. Garcia-Ojalvo, K. Yoshioka-Kobayashi, 
R. Kageyama, Y. Yamanaka, M. Ikeya, C. Alev, M. Ebisuya, 

Species-specific oscillation periods of human and mouse 
segmentation clocks are due to cell autonomous differences in 
biochemical reaction parameters. bioRxiv 650648 [Preprint]. 
26 May 2019; .doi: 10.1101/650648 

3. J. Briscoe, A. Pierani, T. M. Jessel, J. Ericson, A homeodomain 
protein code specifies progenitor cell identity and neuronal fate 
in the ventral neural tube. Cell 101, 435-445 (2000). 

doi: 10.1016/S0092-8674(00)80853-3; pmid: 10830170 

4. E. Dessaud, A. P. McMahon, J. Briscoe, Pattern formation in 
the vertebrate neural tube: A sonic hedgehog morphogen- 
regulated transcriptional network. Development 135, 
2489-2503 (2008). doi: 10.1242/dev.009324; pmid: 18621990 

5. E. Dessaud et al., Interpretation of the sonic hedgehog 
morphogen gradient by a temporal adaptation mechanism. 
Nature 450, 717-720 (2007). doi: 10.1038/nature06347; 
pmid: 18046410 

6. C. Catela, P. Kratsios, Transcriptional mechanisms of motor 
neuron development in vertebrates and invertebrates. 
Dev. Biol. S0012-1606(17)30472-4 (2019). doi: 10.1016/ 
j-ydbio.2019.08.022; pmid: 31479648 

7. U. Marklund et al., Domain-specific control of neurogenesis 
achieved through patterned regulation of Notch ligand 
expression. Development 137, 437-445 (2010). doi: 10.1242/ 
dev.036806; pmid: 20081190 

8. M. W. Amoroso et al., Accelerated high-yield generation of 
limb-innervating motor neurons from human stem cells. 

J. Neurosci. 33, 574-586 (2013). doi: 10.1523/ 
JNEUROSCI.0906-12.2013; pmid: 23303937 

9. J. Kerwin et al., The HUDSEN Atlas: A three-dimensional (3D) 
spatial framework for studying gene expression in the 
developing human brain. J. Anat. 217, 289-299 (2010). 
doi: 10.1111/j.1469-7580.2010.01290.x; pmid: 20979583 

20. M. Gouti et al., In vitro generation of neuromesodermal 
progenitors reveals distinct roles for wnt signalling in the 
specification of spinal cord and paraxial mesoderm identity. 
PLOS Biol. 12, €1001937 (2014). doi: 10.1371/journal. 
pbio.1001937; pmid: 25157815 

21. S. M. Chambers et al., Highly efficient neural conversion of 
human ES and iPS cells by dual inhibition of SMAD signaling. 


Rayon et al., Science 369, eaba7667 (2020) 18 September 2020 


22. 


23. 


24. 


25; 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


a7: 


38. 


39. 


40. 


4). 


42. 


43. 


Nat. Biotechnol. 27, 275-280 (2009). doi: 10.1038/nbt.1529; 
pmid: 19252484 

H. Lee et al., Directed differentiation and transplantation of 
human embryonic stem cell-derived motoneurons. Stem Cells 
25, 1931-1939 (2007). doi: 10.1634/stemcells.2007-0097; 
pmid: 17478583 

R. Patani et al., Retinoid-independent motor neurogenesis from 
human embryonic stem cells reveals a medial columnar 
ground state. Nat. Commun. 2, 214 (2011). doi: 10.1038/ 
ncomms1216; pmid: 21364553 

E. S. Lippmann et a/., Deterministic HOX patterning in human 
pluripotent stem cell-derived neuroectoderm. Stem Cell 
Reports 4, 632-644 (2015). doi: 10.1016/j.stemer.2015.02.018; 
pmid: 25843047 

V. Metzis et al., Nervous system regionalization entails axial 
allocation before neural differentiation. Cell 175, 1105-1118.e17 
(2018). doi: 10.1016/j.cell.2018.09.040; pmid: 30343898 

A. Sagner et al., Olig2 and Hes regulatory dynamics during 
motor neuron differentiation revealed by single cel 
transcriptomics. PLOS Biol. 16, e2003127 (2018). doi: 10.1371/ 
journal.pbio.2003127; pmid: 29389974 
J. S. Dasen, J.-P. Liu, T. M. Jessell, Motor neuron columnar fate 
imposed by sequential phases of Hox-c activity. Nature 425, 
926-933 (2003). doi: 10.1038/nature02051; pmid: 14586461 
C. Barry et al., Automated minute scale RNA-seq of pluripotent 
stem cell differentiation reveals early divergence of human and 
mouse gene expression kinetics. PLOS Comput. Biol. 15, e1007543 
(2019). doi: 10.1371/journal.pcbi.1007543; pmid: 31815944 

C. Barry et al., Species-specific developmental timing is maintained 
by pluripotent stem cells ex utero. Dev. Biol. 423, 101-110 

(2017). doi: 10.1016/j.ydbi0.2017.02.002; pmid: 28179190 

N. Gaspard et al., An intrinsic mechanism of corticogenesis 
from embryonic stem cells. Nature 455, 351-357 (2008). 

doi: 10.1038/nature07287; pmid: 18716623 

D. Linaro et al., Xenotransplanted human cortical neurons 
reveal species-specific development and functional integration 
into mouse visual circuits. Neuron 104, 972-986.e6 (2019). 
doi: 10.1016/j.neuron.2019.10.002; pmid: 31761708 

J. Lee, K. A. Platt, P. Censullo, A. Ruiz i Altaba, Glil is a target of 
sonic hedgehog that induces ventral neural tube development. 
Development 124, 2537-2552 (1997). pmid: 9216996 

V. Marigo, C. J. Tabin, Regulation of patched by sonic hedgehog 
in the developing neural tube. Proc. Natl. Acad. Sci. U.S.A. 

93, 9346-9351 (1996). doi: 10.1073/pnas.93.18.9346; 

pmid: 8790332 
T. Oosterveen et al., Mechanistic differences in the 
transcriptional interpretation of local and long-range Shh 
morphogen signaling. Dev. Cell 23, 1006-1019 (2012). 
doi: 10.1016/j.devcel.2012.09.015; pmid: 23153497 

K. A. Peterson et al., Neural-specific Sox2 input and differential 
Gli-binding affinity provide context and positional information 
in Shh-directed neural patterning. Genes Dev. 26, 2802-2816 
(2012). doi: 10.1101/gad.207142.112; pmid: 23249739 
D. Hernandez, P. J. Mee, J. E. Martin, V. L. J. Tybulewicz, 

E. M. C. Fisher, Transchromosomal mouse embryonic stem cell 
ines and chimeric mice that contain freely segregating 
segments of human chromosome 21. Hum. Mol. Genet. 8, 
923-933 (1999). doi: 10.1093/hmg/8.5.923; pmid: 10196383 
F. Cacace, P. Paci, V. Cusimano, A. Germani, L. Farina, 
Stochastic modeling of expression kinetics identifies messenger 
half-lives and reveals sequential waves of co-ordinated 
ranscription and decay. PLOS Comput. Biol. 8, e1002772 
(2012). doi: 10.1371/journal.pcbi.1002772; pmid: 23144606 

N. Rosenfeld, U. Alon, Response delays and the structure of 
ranscription networks. J. Mol. Biol. 329, 645-654 (2003). 
doi: 10.1016/S0022-2836(03)00506-0; pmid: 12787666 

E. Eden et al., Proteome half-life dynamics in living human 
cells. Science 331, 764-768 (2011). doi: 10.1126/ 
science.1199784; pmid: 21233346 

C. C. Friedel, L. Délken, Z. Ruzsics, U. H. Koszinowski, 

R. Zimmer, Conserved principles of mammalian transcriptional 
regulation revealed by RNA half-life. Nucleic Acids Res. 37, e115 
(2009). doi: 10.1093/nar/gkp542; pmid: 19561200 

M. Cohen, K. M. Page, R. Perez-Carrasco, C. P. Barnes, 

J. Briscoe, A theoretical framework for the regulation of Shh 
morphogen-controlled gene expression. Development 141, 
3868-3878 (2014). doi: 10.1242/dev.112573; pmid: 25294939 
C. M. Rudin et al., Treatment of medulloblastoma with hedgehog 
pathway inhibitor GDC-0449. N. Engl. J. Med. 361, 1173-1178 
(2009). doi: 10.1056/NEJMoa0902903; pmid: 19726761 

D. R. Kornack, P. Rakic, Changes in cell-cycle kinetics during 
the development and evolution of primate neocortex. 

Proc. Natl. Acad. Sci. U.S.A. 95, 1242-1246 (1998). 

doi: 10.1073/pnas.95.3.1242; pmid: 9448316 


12 of 13 


RESEARCH | 


RESEARCH ARTICLE 


44, 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52, 


53: 


54. 


Rayon et al., Science 369, eaba7667 (2020) 


N. A. J. Krentz et al., Phosphorylation of NEUROG3 links 
endocrine differentiation to the cell cycle in pancreatic 
progenitors. Dev. Cell 41, 129-142.e6 (2017). doi: 10.1016/ 
j.devcel.2017.02.006; pmid: 28441528 

F. Mora-Bermudez et al., Differences and similarities between 
human and chimpanzee neural progenitors during cerebral 
cortex development. eLife 5, e18683 (2016). doi: 10.7554/ 
eLife.18683; pmid: 27669147 

T. Otani, M. C. C. Marchetto, F. H. H. Gage, B. D. D. Simons, 
F. J. J. Livesey, 2D and 3D stem cell models of primate cortical 
development identify species-specific differences in progenitor 
behavior contributing to brain size. Cell Stem Cell 18, 467-480 
(2016). doi: 10.1016/j.stem.2016.03.003; pmid: 27049876 

R. S. Nowakowski, S. B. Lewin, M. W. Miller, Bromodeoxyuridine 
immunohistochemical determination of the lengths of the 

cell cycle and the DNA-synthetic phase for an anatomically 
defined population. J. Neurocytol. 18, 311-318 (1989). 

doi: 10.1007/BF01190834; pmid: 2746304 

R. W. King, R. J. Deshaies, J.-M. Peters, M. W. Kirschner, How 
proteolysis drives the cell cycle. Science 274, 1652-1659 
(1996). doi: 10.1126/science.274.5293.1652; pmid: 8939846 
D. M. Koepp, “Cell cycle regulation by protein degradation” 

in Cell Cyle Control, vol. 1170 of Methods in Molecular Biology, 
E. Noguchi, M. Gadaleta, Eds. (Humana Press, 2014), pp. 61-73. 
N. Balaskas et al., Gene regulatory logic for reading the 

sonic hedgehog signaling gradient in the vertebrate neural 
tube. Cell 148, 273-284 (2012). doi: 10.1016/j.cell.2011.10.047; 
pmid: 22265416 
M. Zagorski, A. Kicheva, “Measuring dorsoventral pattern and 
morphogen signaling profiles in the growing neural tube” in 
Morphogen Gradients, vol. 1863 of Methods in Molecular 
Biology, J. Dubrulle, Ed. (Humana Press, 2018), pp. 47-63. 
M. Gouti et al., A gene regulatory network balances neural and 
mesoderm specification during vertebrate trunk development. 
Dev. Cell 41, 243-261.e7 (2017). doi: 10.1016/ 
j.devcel.2017.04.002; pmid: 28457792 

P. Di Tommaso et al., Nextflow enables reproducible 
computational workflows. Nat. Biotechnol. 35, 316-319 (2017). 
doi: 10.1038/nbt.3820; pmid: 28398311 

B. L. Aken et al., Ensembl 2017. Nucleic Acids Res. 45, 
D635-D642 (2017). doi: 10.1093/nar/gkw1104; pmid: 27899575 


55. L. Wang, S. Wang, W. Li, RSeQC: Quality control of RNA-seq 
experiments. Bioinformatics 28, 2184-2185 (2012). 
doi: 10.1093/bioinformatics/bts356; pmid: 22743226 

56. D. S. DeLuca et al., RNA-SeQC: RNA-seq metrics for quality 
control and process optimization. Bioinformatics 28, 
1530-1532 (2012). doi: 10.1093/bioinformatics/bts196; 
pmid: 22539670 

57. A. Dobin et al., STAR: Ultrafast universal RNA-seq aligner. 
Bioinformatics 29, 15-21 (2013). doi: 10.1093/bioinformatics/ 
bts635; pmid: 23104886 

58. B. Li, C. N. Dewey, RSEM: Accurate transcript quantification 


from RNA-seq data with or without a reference genome. BMC 


Bioinformatics 12, 323 (2011). doi: 10.1186/1471-2105-12-323; 
pmid: 21816040 

59. |. C. McDowell et al., Clustering gene expression time series 
data using an infinite Gaussian process mixture model. 


PLOS Comput. Biol. 14, e1005896 (2018). doi: 10.1371/journal. 


pcbi.1005896; pmid: 29337990 


60. G. Csardi, T. Nepusz, The igraph software package for complex 


network research. InterJournal. 2006, 1695 (2006). 

61. F. de Chaumont et al., Icy: An open bioimage informatics 
platform for extended reproducible research. Nat. Methods 9, 
690-696 (2012). doi: 10.1038/nmeth.2075; pmid: 22743774 


62. J. Ho, T. Tumkaya, S. Aryal, H. Choi, A. Claridge-Chang, Moving 


beyond P values: Data analysis with estimation graphics. 
Nat. Methods 16, 565-566 (2019). doi: 10.1038/s41592-019- 
0470-3; pmid: 31217592 

63. E. M. Shockley, J. A. Vrugt, C. F. Lopez, PyDREAM: High- 
dimensional parameter inference for biological models 
in python. Bioinformatics 34, 695-697 (2018). doi: 10.1093/ 
bioinformatics/btx626; pmid: 29028896 


ACKNOWLEDGMENTS 


We are grateful for the human embryonic material provided by 
MRC/Wellcome Trust (MR/ROO6237/1) Human Developmental 
Biology Resource and the generous donors whose contributions 
have enabled part of this research. We thank A. de la Pefia, 

A. Tsakiridis, V. Metzis, A. Sagner, M. J. Delas, T. Watson, 

A. Pezzotta, R. Blassberg, J. Delile, T. A Rodriguez, P. East, and 
R. Goldstone, as well as other members of the lab, for advice, 
reagents, and critical feedback. We thank the Crick Science 


18 September 2020 


Technology Platforms, in particular the Advanced Sequencing 
Facility, the Equipment Park, the Flow Cytometry Facility, and the 
Bioinformatics and Biostatistics group. Funding: This work was 
supported by the Francis Crick Institute, which receives its core 
funding from Cancer Research UK, the UK Medical Research 
Council, and the Wellcome Trust (all under FCO01051). T.R. 
received funding from an EMBO long-term fellowship (ALTF 328- 
2015), R.P.-C. is funded by the Clifford Fellowship of the 
Mathematics Department at UCL, and J.B. is also funded by the 
European Research Council under European Union (EU) Horizon 
2020 research and innovation program grant 742138. V.L.J.T. was 
supported by the Francis Crick Institute, which receives its core 
funding from Cancer Research UK (FCO01194), the UK Medical 
Research Council (FCO01194), and the Wellcome Trust (FCO01194). 
Author contributions: T.R. and J.B. conceived the project, interpreted 
the data, and wrote the manuscript with input from all authors. T.R. 
designed and performed experiments and data analysis. D.S. designed 
and performed experiments and data analysis. R.P.-C. performed 
theoretical modeling and data analysis. L.G.-P. designed experiments 
and performed data analysis for smFISH. C.B. performed bioinformatic 
analysis. M.M. performed embryo work and generated and 
characterized the Ptchl::T2A-mKate2 mouse embryonic stem cell line. 
K.E. performed embryo work. J.L. analyzed embryo data. E.M.C.F. and 
V.LJ.T. provided reagents and feedback. Competing interests: The 
authors declare no competing or financial interests. Data and 
materials availability: The accession number for the bulk RNA-seq 
data reported in this paper is GSE140749. 


SUPPLEMENTARY MATERIALS 


science.sciencemag.org/content/369/6510/eaba7667/suppl/DC1 
Supplementary Text 

Figs. S1 to S8 

Tables S1 and S2 

Data S1 

Reference (64) 

MDAR Reproducibilty Checklist 


View/request a protocol for this paper from Bio-protocol. 


3 January 2020; accepted 29 July 2020 
10.1126/science.aba7667 


13 of 13 


RESEARCH 


RESEARCH ARTICLE 


DEVELOPMENTAL BIOLOGY 


Species-specific segmentation clock periods are due 
to differential biochemical reaction speeds 


Mitsuhiro Matsuda’, Hanako Hayashi", Jordi Garcia-Ojalvo*, Kumiko Yoshioka-Kobayashi*+, 
Ryoichiro Kageyama*®, Yoshihiro Yamanaka®’, Makoto Ikeya®, Junya Toguchida*®, 


Cantas Alev®’, Miki Ebisuyat2+ 


Although mechanisms of embryonic development are similar between mice and humans, the time 
scale is generally slower in humans. To investigate these interspecies differences in development, we 
recapitulate murine and human segmentation clocks that display 2- to 3-hour and 5- to 6-hour oscillation 
periods, respectively. Our interspecies genome-swapping analyses indicate that the period difference 
is not due to sequence differences in the HES7 locus, the core gene of the segmentation clock. Instead, 
we demonstrate that multiple biochemical reactions of HES7, including the degradation and expression 
delays, are slower in human cells than they are in mouse cells. With the measured biochemical parameters, 
our mathematical model accounts for the two- to threefold period difference between the species. We 
propose that cell-autonomous differences in biochemical reaction speeds underlie temporal differences in 


development between species. 


ifferent animal species develop at dif- 

ferent time scales (7). The mouse gesta- 

tion period is ~20 days whereas that of 

a human is ~9 months. At each develop- 

mental stage, the order of developmen- 
tal processes and the underlying mechanisms 
are largely conserved between the species, but 
the progression speed differs. For example, 
murine and human nervous systems gener- 
ate multiple neuronal subtypes in the same 
order, but the sequential neurogenesis takes 
longer in humans (/-3). We propose to call 
such interspecies differences in developmental 
tempo—despite conservation of the mechanism— 
developmental allochrony. 

The causes of allochrony remain a mystery. 
As embryos of different species differ in many 
aspects, including their sizes, geometries, and 
nutrients, direct interspecies comparison is 
challenging. Investigating developmental dy- 
namics in human embryos is also ethically 
difficult. To overcome these difficulties, we 
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decided to use in vitro differentiation of plu- 
ripotent stem cells and compare the same 
types of cells under similar culture conditions 
between different species. As an example of 
well-defined developmental time, we focused 
on the segmentation clock—oscillatory gene 
expression that regulates the timing of the 
sequential formation of paired body segments 
out of presomitic mesoderm (PSM) cells (4, 5). 
The sequentially formed body segments are 
called somites, and they give rise to the 
vertebral column, ribs, skeletal muscles, and 
subcutaneous tissues in later stages of de- 
velopment. The oscillation period (i.e., the 
duration for one cycle) of the segmentation 
clock is species-specific: ~30 min in zebrafish, 
90 min in chickens, 2 to 3 hours in mice, and 
4 to 6 hours in humans (5, 6). In this study, 
we recapitulated murine and human segmen- 
tation clocks in vitro and showed that the 
allochrony of oscillation periods is derived 
from cell-autonomous differences in the speeds 
of biochemical reactions between the species. 


Cell-autonomous period difference 
between species 


To compare murine and human segmentation 
clocks in vitro, we induced PSM-like cells from 
mouse embryonic stem cells (ESCs) and hu- 
man induced pluripotent stem cells (iPSCs) 
(fig. S1A and Fig. 1A). The detailed induction 
protocol and characterization of PSM-like cells 
have been described in our recent papers 
(7, 8), and several other groups have also re- 
ported similar PSM-induction protocols (9-3). 
The induced PSM-like cells are hereafter 
referred to as PSM. To visualize the segmen- 
tation clock, we introduced a HES7 promoter- 
luciferase reporter (8, 14), which detected clear 
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synchronized oscillations of HES7 expression 
in both murine and human PSM (Fig. 1A and 
movie S1). Consistent with previous in vivo 
and in vitro measurements (6, 8, 12-15), the 
mouse PSM oscillated with a period of 122 + 
2 min (mean + SD), whereas the human PSM 
exhibited a period of 322 + 6 min (Fig. 1, B 
to D, and fig. S1B). Thus, our induced PSM 
serves as an ideal in vitro platform to inves- 
tigate the cause of the two- to threefold period 
difference between murine and human seg- 
mentation clocks. 

The gene regulatory network of the segmen- 
tation clock consists of two parts: the intracel- 
lular network that gives rise to a cell-autonomous 
oscillation and the intercellular network that 
synchronizes the oscillations among cells (fig. 
$2A) (6, 17). We attempted to clarify whether 
the interspecies period difference stems from 
the single-cell oscillator or the multicellular 
synchronized oscillations. Although intercel- 
lular communication through NOTCH-DELTA 
signaling synchronizes oscillations (16, 18-20), 
treatment of PSM cells with a NOTCH signal- 
ing inhibitor did not affect the oscillation 
period significantly (fig. S2, B and C). As WNT 
and FGF signaling pathways also modulate 
the segmentation clock (2/, 22), we measured 
the oscillation period in a sparse cell culture, 
where cells were isolated from the neighbor- 
ing cells (Fig. 1E, fig. S3, and movie $2). The 
isolated single PSM cells still displayed the 
two- to threefold period difference between 
the species (mouse, 160 + 9 min; human, 376 + 
51 min) (Fig. IF), even though the oscillations 
at the single-cell level were noisier and slower 
than the population-level oscillations (fig. $3, 
Band C). These results indicate that the period 
difference of HES7 oscillation between mice 
and humans is cell autonomous and that the 
cause of the interspecies difference should 
lie in the oscillation mechanism at the single- 
cell level. 


Interspecies period difference is not due to 
HES7 sequence differences 


HES7 oscillations arise from a delayed auto- 
regulatory negative feedback loop: HES7 is a 
transcription repressor that directly inhibits 
its own promoter with time delays (fig. S2A) 
(16, 23). We first hypothesized that differ- 
ences in the sequences of HES7 loci between 
murine and human genomes might lead to the 
observed oscillation-period difference. To test 
this hypothesis, we swapped murine and human 
HES7 loci (Fig. 2A). The sequence of the human 
HES7 locus, including the promoter, exons, in- 
trons, and untranslated regions (UTRs), was 
swapped into the mouse Hes7 locus in mouse 
ESCs (fig. $4), and the resulting cells were 
induced into the PSM fate. The homozygous 
knock-in (homo swap) PSM and the hetero- 
zygous knock-in (hetero swap) PSM showed 
slightly longer oscillation periods of 146 + 7 
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Fig. 1. Period difference between murine and human segmentation clocks. 
(A) HES7 reporter activities in murine and human PSM-like cells in time-lapse 
imaging with a luminescent microscope. Kymographs indicate spatiotemporal 
signals along the line between points A and B. Scale bars, 400 um. See also 
movie S1. (B) Oscillatory HES7 reporter activity measured with a luminometer, 
using a collective signal from a 35-mm dish. Shaded regions indicate 


0 


Human 
single cell single cell 


Mouse 


means + SD (n = 3 biological replicates). (C) Overlay of murine and human 
detrended signals. (D) Oscillation periods estimated from fig. S1B. (E) Time-lapse 
imaging of a sparsely seeded single PSM cell (movie S2). Luc, luciferase; 

Ph, phase. Scale bar, 20 um. (F) Periods of single cells estimated from fig. S3. 
Error bars in (D) and (F) indicate means + SD. P values are from a two-sided 
Student's t test. 
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Fig. 2. Swapping murine and human HES7 loci. (A) Homologous recombination 
between murine and human HES7 loci. BAC, bacterial artificial chromosome. (B) HES7 
reporter activities in mouse PSM containing human HES7 locus. WT indicates mouse 
HES7/mouse HES7; hetero swap indicates human HES7/mouse HES7; and homo 
swap indicates human HES7/human HES7. (C) Periods estimated from (B). WT human 
PSM period shown in Fig. 1D is displayed as a control. P values are from a two-sided 
Dunnett's test. (D) Time-lapse imaging of ex vivo tail bud cultures of E10.5 mouse 
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embryos containing human HES7 locus. (E) Periods estimated from fig. S5B. P value is 
from a two-sided paired t test. (F) Knockout and rescue assay. Endogenous HES7 
genes were knocked out (KO), and the disrupted oscillations were rescued with an 
exogenous construct of either mouse Hes7 (Rescue MHES7) or human HES7 (Rescue 
hHES7). See also fig. S6A. (G and H) Periods estimated from fig. S6B. P values 

are from a two-sided Student's t test. Shading in (B) and (F) indicates means + SD 
(n = 3). Error bars in (C), (E), (G), and (H) indicate means + SD. 
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and 133 + 4 min, respectively, compared with 
the 124 + 3 min period of wild-type (WT) 
mouse PSM (Fig. 2, B and C). Considering 
that the period of WT human PSM is 322 min, 
however, the period extension in homo swap 
mouse PSM is minor. We also created knock- 
in mice, and the homo swap mice appeared 
largely normal, though their vertebrae—which 
are derivatives of somites—displayed minor 


defects (fig. S5A). The ex vivo measurements 
of the segmentation clock in homo swap em- 
bryos showed an ~30-min longer oscillation 
period compared with that of the WT em- 
bryos (Fig. 2, D and E, and fig. S5B), which is 
consistent with the ~20-min period extension 
in the homo swap samples of induced PSM 
(Fig. 2C). However, the 20- to 30-min period 
extension in homo swap PSM and embryos is 


Te Oe TEST-NLuG | 


B Dox —_| | HES7-NLuc | 


far from the ~200-min period difference be- 
tween mice and humans, so the human HES7 
locus in mouse PSM gives rise to an essentially 
mouselike oscillation period. 

One potential defect in our experimental 
design of interspecies genome swapping is 
that the swapped HES7 region might not be 
long enough, and a crucial sequence for the 
oscillation period might exist upstream of the 


(w/o intron) 


A © Mouse HES7 in mouse PSM ° aa 
A T. Delay po A4Human HES7 in mouse PSM ol 
6: Degradation a °Mouse HES7inhumanPSM 1. ® = 
HES7 So AHuman HES7 in human PSM = 
HES7 z : —- 
a ~ 84 
A Ia 
Trx (Fig. 3E) 2 
° OF 
_) 100 ~—«200 300 Mouse HES7 Human HES7 
Tn (Fig. 3G) Time (min) in mouse PSM in human PSM 
Eee +Tr 
To (Fig. S9E) Om (Fig. S7D) box3 | HES7-NLuc | ---7- > Protein ¢ 
Rp E (w/o intron) 
mRNA —> 
? 2] $4 p = 5.4E-04 
Tn (Fig. 3E) 23) € 8] —B- 
[s) a 
Op (Fig. 3C) 9 8] 6 ef 
Protein —> (0) Z| oMouse PSM + = 
5 4 Human PSM bel 
wal - 
Io 
eis : : : : 4 
e aD Mime (ny Mouse PSM _ Human PSM 


F  HES7 - HES7 - 
NLuc-stop-HES7 (w/o intron) FLuc-stop-HES7 (w/ intron) G 


Mouse PSM Human PSM 3 © : 4) 

2 o>, ONluc, w/o intron A Fluc, w/ intron @) ,2 Nluc, w/o intron AFluc, w/ intron 
2a! ae — i=} 
3 § i —kr 
~ 24 4 = 
cae #, 3] es 
ER, ! E | O-@ 
cL _— 2 © 8 

0 100 200 300 400 0 100 200 300 400 e S a 
5 oy 2°09 ey oo °° i 
2 °° a p20 0PPO90DH >, 
s 1 a. - | 0°? io 6 p = 5.8E-04 
= eS ° ° o—_—_ Q% 
8 5] a \. Poa 3 ® Pee, Mouse PSM Human PSM 
8 “oonao™ | es 
oo : = =, : 

) 50 100 150 0 50 100 150 

Time (min) Time (min) 


Fig. 3. Measuring biochemical parameters of HES7. (A) Negative feedback 
loop of HES7. Delays and degradation rates of the loop were measured in 

the indicated panels. t;,, transcription delay; t,, intron delay; tr), translation 
delay; tgp, repression delay; 6,,, degradation rate of mRNA; 6,, degradation 
rate of protein. (B) Degradation assay of HES7. The transcription of HES7 fused 
with NanoLuc (NLuc) was halted upon doxycycline (Dox) addition (top), and 
the decay of NLuc signal was monitored with a luminometer (bottom). 

(C) Inverse degradation rates of HES7 protein estimated from fig. S7A. 

(D) Expression delay assay of HES7. The transcription of HES7-NLuc was induced 
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upon Dox addition (top), and the onset of NLuc signal was monitored 
(bottom). (E) Transcription and translation delays of HES7 estimated from 
fig. S7, B and C. (F) Intron delay assay of HES7. Reporter constructs without 
(w/o) and with (w/) HES7 intron sequence were introduced simultaneously 
(top and middle), and the cross-correlation of two reporters was calculated 
(bottom). See also fig. S8A. (G) Intron delays of HES7 estimated from (F) 
and fig. S8B. Shading in (B), (D), and (F) indicates means + SD (n = 3). 
Error bars in (C), (E), and (G) indicate means + SD. P values are from a 
two-sided Student's t test. 
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HES7 promoter we defined. To rule out this 
possibility, we performed knockout and res- 
cue assays (fig. S6A). The endogenous mouse 
Hes7 gene was knocked out (KO) in mouse 
ESCs, which led to disruption of Hes7 oscil- 
lation in the induced PSM (Fig. 2F, KO). Then, 
the disrupted oscillation was rescued by an 
exogenous construct containing a promoter, 
exons, introns, and UTRs of the murine or 
human HES7 locus (Fig. 2F, Rescue mHES7 
and Rescue hHES7). Note, these exogenous 
constructs were integrated into random loca- 
tions of the genome by transposon vectors. 
Both murine and human HES7 constructs at 
random genomic locations restored mouselike 
oscillation periods in the mouse PSM (Fig. 2G 
and fig. S6B). We further attempted a com- 
plementary experiment: The endogenous hu- 
man HES7 gene was knocked out, and the 
disrupted oscillation in human PSM was res- 
cued with the murine or human HES7 con- 
struct (Fig. 2F and fig. S6B). Again, murine 
and human HES7 constructs were indistin- 
guishable in terms of the restored oscillation 
periods (Fig. 2H). These results collectively 
indicate that the two- to threefold period dif- 
ference is not caused by the sequence differ- 
ences between murine and human HES7 loci. 


Interspecies period difference is due to 
different biochemical reaction speeds 


We then hypothesized that differences in the 
biochemical reaction speeds of HES7 between 
murine and human cells might lead to the ob- 
served oscillation-period difference. Biochem- 
ical parameters that strongly affect the HES7 
oscillation period are the degradation rates 
and delays in the regulatory feedback loop of 
HES7 (Fig. 3A) (6, 24-27). In fact, genetic 
manipulations that modulate the degradation 
or delay of Hes7 affect the oscillation period in 
mice (24, 26). Delays resulting from splicing 
and export of mRNAs are also reported to be 
different among mice, chickens, and zebrafish 
(27). Thus, we measured the degradation rates 
of HES7 mRNA and protein (i.e., 6, and 45,, 
respectively, in Fig. 3A) and the several delays 
in the HES7 feedback loop (trx, tm, Tr, aNd Trp 
in Fig. 3A) in PSM cells, exploring which pa- 
rameter(s) are different between mice and 
humans. To measure the degradation rate of 
the HES7 protein (6,), we overexpressed either 
murine or human HES7 sequence and then 
halted its expression (Fig. 3B). Both murine 
and human HES7 proteins were degraded 
more slowly in human PSM compared with 
mouse PSM, which means that the changes 
in the degradation rate depend on the differ- 
ences not in the HES7 sequences but in the 
cellular environments (i.e., whether HES7 is 
hosted in a murine or human cell). The half- 
life of the Hes7 protein in mice is reported to 
be 22 min (24), which is consistent with our 
measurements where half-lives in murine and 
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Fig. 4. Simulating oscillations with measured biochemical parameters. (A) HES7 oscillations simulated 
with the parameters measured in murine or human PSM. Hill coefficient was set as n = 3. The other 
parameters are in table S1. (B) Periods estimated by computing the power spectra of simulated oscillations 


with different values of Hill coefficient. 


human PSM were 21 + 0.8 and 40 + 4 min, 
respectively (Fig. 3C and fig. S7A). 

To measure the delay caused by the trans- 
cription and translation of HES7, we induced 
the expression of HES7 and estimated the 
onset time by fitting the results to a standard 
gene expression model where transcription 
and translation occur in a linear manner with 
corresponding delays (Fig. 3D and fig. $7, B 
and C). The transcription and translation delay 
(ty11) of HES7 was longer in human PSM (30 + 
1 min) compared with mouse PSM (17 + 2 min) 
(Fig. 3E). The fitting also allowed us to esti- 
mate the degradation rate of HES7 mRNA (6,), 
which showed slower mRNA degradation in 
human PSM (half-life, 16 + 0.3 min) compared 
with mouse PSM (half-life, 10 + 0.3 min) (fig. 
S7D). Note, the HES7 gene used in these mea- 
surements did not include the introns (Fig. 3, 
Band D). Because introns affect mRNA splicing 
and therefore serve as another source of delays 
(25-27), we measured the delay caused by HES7 
introns by creating HES7 promoter-luciferase 
reporters with and without introns (fig. S8A) 
and estimating the phase difference between 
the oscillations of the two reporters (Fig. 3F and 
fig. S8B). Again, the HES7 intron delay (t;,) was 
longer in human PSM (37 + 3 min) compared 
with mouse PSM (13 + 3 min) (Fig. 3G). Rough- 
ly consistent with our measurements, the 
intron delay or splicing delay in mouse em- 
bryos has been reported to be 12 to 19 min 
(25, 27). Finally, to measure the delay for HES7 
to start repressing its own promoter, we in- 
duced the expression of HES7 and estimated 
the onset of decline in the HES7 promoter 
activity (fig. S9). Fitting the results to an open- 
loop repression model where the induced 
HES7 protein represses the expression of HES7 
promoter-luciferase reporter suggested that 
the HES7 repression delay (tgp) is negligible in 
both murine and human PSM. 

To confirm that the degradation rates and 
delays measured in murine and human PSM 
can explain the interspecies period difference, 
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we built a simple mathematical model of HES7 
oscillation (16) based directly on the following 
parameters: 5), Sm, Trxr) Tm, ANd TRp (Fig. 4A). 
Mathematical analyses of the model showed 
that the oscillation period depends on these 
measured parameters (i.e., degradation rates 
and total delays) and that other parameters, 
such as the transcription and translation rates 
and the repression threshold, essentially do 
not affect the period (text S1) (1/6). Even 
though one unmeasured parameter, the re- 
pression Hill coefficient, potentially affects 
the oscillation period (text S1), varying this 
parameter within a realistic range did not 
substantially change the period (Fig. 4B). 
Our simulation of oscillations with the mu- 
rine parameters showed periods of ~150 min, 
whereas that with human parameters showed 
~300-min periods (Fig. 4B), reproducing the 
two- to threefold period difference between 
actual murine and human PSM (Fig. 1D). 
These results mean that the slower biochem- 
ical reactions of HES7 (i.e., slower degradations 
and longer delays) in human PSM compared 
with mouse PSM are sufficient to quantita- 
tively account for the longer oscillation period 
of the human segmentation clock. 


Generality of slower biochemical reactions 
in human cells 


Next, we explored how universal our finding 
of slower biochemical reactions in human cells 
is. To test whether it is specific to the HES7 
gene, we measured the degradation rates of six 
other genes, which are transcription factors ex- 
pressed at the PSM stage (9) (Fig. 5A, fig. S10, 
and fig. S11). GBX2, MSGNI, and TBX6 proteins 
showed slower degradation rates in human 
PSM compared with mouse PSM, whereas 
CDX2, EVX1, and Brachyury T did not show 
a significant interspecies difference (Fig. 5A). 
We also measured the transcription and in- 
tron delays (t;, and t,) (Fig. 5B, fig. S12, and 
fig. S13). TBX6, GBX2, and MSGNI showed 
longer delays in human PSM, whereas EVX1 
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Fig. 5. Generality of slower 
biochemical reactions in human 
cells. (A) Degradation assay of 
other genes expressed at the 
PSM stage. The transcription of a 


A 


gene of interest (GOI) fused with 34 


NLuc was halted, and the decay of 
NLuc signal was monitored (top). 
Inverse protein degradation rates 
were estimated from fig. S11 
(bottom). HES7 degradation rate 
shown in Fig. 3C is displayed as a 
control. (B) Expression delay assay 
of other genes expressed at the ° 
PSM stage. The transcription of 
FLuc-GOI fusion construct flanked 
by a stop codon was induced, 

and the onset of FLuc signal was 
monitored (top). Sums of the 
transcription delay of fusion 
construct, intron delay of GOI, 

and translation delay of FLuc were 
estimated from fig. S13 (bottom). 
(C) In vitro differentiation of NPCs 
from mouse ESCs and human 
iPSCs. Scale bars, 200 um. 

(D) Degradation assay in NPCs. 
nverse protein degradation rates 
were estimated from fig. S15. 

(E) Expression delay assay in NPCs. 
Delays were estimated from 

fig. S17. (F) Proposed scheme. 
urine and human cells have 
different cellular environments 

that affect the speeds of multiple 
biochemical reactions. TxTl, 
transcription and translation. 

Error bars in (A), (B), (D), and 

(E) indicate means + SD (n = 3). 

P values are from a two-sided 
Student's t test. 


did not (Fig. 5B). These results suggest that the 
slower biochemical reactions in human PSM 
compared with mouse PSM can extend at least 
to several other genes but not to all genes. 
Note, the same genetic construct (depicted in 
Fig. 5, A and B) was used for the measurements 
in murine and human cells, which means that 
the observed difference in reaction parameters 
is not due to genomic sequence differences of 
the target gene but rather is due to different 
cellular environments between the species. 
Finally, to test whether the slower biochem- 
ical reactions in human cells are specific to the 
PSM cell type, we induced neural progenitor 
cells (NPCs) from mouse ESCs and human 
iPSCs (Fig. 5C) (28, 29). Most of the induced 
NPCs were PAX6 positive (Fig. 5C), even 
though they may constitute slightly different 
cell populations between the species. We mea- 
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sured the degradation rates of neural marker 
genes (29) in both murine and human NPCs 
(fig. S14 and fig. $15). All the four proteins 
tested, Otx2, Foxgl1, Pax6, and Sox1, showed 
slower degradation rates in human NPCs com- 
pared with mouse NPCs (Fig. 5D). We also 
measured the transcription and intron delays 
of Otx2, Foxgi, and Sow! (fig. S16 and fig. 
$17), which demonstrated slightly longer de- 
lays in human NPCs for all three genes (Fig. 
5E). Compared with PSM cells, NPCs tended to 
show larger interspecies differences in degra- 
dation rates and smaller differences in delays; 
however, the number of genes tested is too 
small to draw any conclusions. These results 
suggest that slower biochemical reactions in 
human cells can be generalizable not only to 


the PSM fate but also to other cell types. We 
propose that murine and human cells have 
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species-specific cellular environments that af- 
fect the speeds of several biochemical reac- 
tions, including degradations and delays (Fig. 
5F), potentially causing other interspecies dif- 
ferences in developmental tempo. The identity 
of the cellular environments can be any gene 
set or any cellular characteristic, such as the 
metabolic rate and cell size. 


Discussion 


We have shown that the human segmentation 
clock exhibits an oscillation period that is two 
to three times as long as that of the mouse seg- 
mentation clock because of slower biochemical 
reactions of HES7 in the human PSM cell. It 
is noteworthy that multiple reaction param- 
eters of HES7, including the degradation rates, 
transcription and translation delay, and in- 
tron delay, displayed interspecies differences 
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and collectively accounted for the two- to 
threefold period difference. 

We have also revealed the existence of 
several genes other than HES7 that show 
interspecies differences in reaction speeds in 
PSM cells or NPCs. A recent study has shown 
that human motor neuron generation takes 
two to three times as long as mouse motor neu- 
ron generation, and the key regulatory genes 
exhibit slower protein degradation rates in 
human motor NPCs (3). Oscillation dynamics 
and biochemical reaction speeds of the p53- 
Mdm2 network are also reported to be slower 
in a human cell line compared with a mouse 
line (30). These studies together with our re- 
sults imply a general principle of allochrony. 

An obvious question that remains is the 
mechanism by which human cells display 
slower biochemical reactions. We attempted 
to find commonalities in sequences or func- 
tionalities among the genes that either showed 
or did not show differential reaction speeds 
between murine and human cells; however, 
the number of genes tested was not large 
enough to yield significant results. Thus, al- 
though this study has revealed cell-autonomous 
mechanisms of developmental allochrony, their 
deep origin remains a mystery. 
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Evaluating scenarios toward zero plastic pollution 
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Plastic pollution is a pervasive and growing problem. To estimate the effectiveness of interventions to 
reduce plastic pollution, we modeled stocks and flows of municipal solid waste and four sources of 
microplastics through the global plastic system for five scenarios between 2016 and 2040. Implementing 
all feasible interventions reduced plastic pollution by 40% from 2016 rates and 78% relative to 
“business as usual” in 2040. Even with immediate and concerted action, 710 million metric tons of 
plastic waste cumulatively entered aquatic and terrestrial ecosystems. To avoid a massive build-up of 
plastic in the environment, coordinated global action is urgently needed to reduce plastic consumption; 
increase rates of reuse, waste collection, and recycling; expand safe disposal systems; and accelerate 


innovation in the plastic value chain. 


lastic pollution is globally ubiquitous. It 
is found throughout the oceans, in lakes 
and rivers, in soils and sediments, in the 
atmosphere, and in animal biomass. This 
proliferation has been driven by rapid 
growth in plastic production and use combined 
with linear economic models that ignore the 
externalities of waste (1, 2). A sharp rise in 
single-use plastic consumption and an ex- 
panding “throw-away” culture (7) have exacer- 
bated the problem. Waste management systems 
do not have sufficient capacity at the global level 
to safely dispose of or recycle waste plastic (3, 4), 
resulting in an inevitable increase in plastic 
pollution into the environment. Previous studies 
estimated that ~8 million metric tons (Mt) of 
macroplastic (5) and 1.5 Mt of primary micro- 
plastic (6) enter the ocean annually. Comparable 
estimates for terrestrial plastic pollution have 
yet to be quantified. If plastic production and 
waste generation continue to grow at current 
rates, the annual mass of mismanaged waste 
has been projected to more than double by 2050 
CZ, 2), and the cumulative mass of ocean plastic 
could increase by an order of magnitude from 
2010 levels by 2025 (5). Despite the magnitude 
of these flows, the efficacy and economic costs of 
solutions proposed to solve the plastic waste 
problem—the uncontrolled release of plastic 
waste into the environment resulting from in- 
effective management—remain unknown. 
A growing body of evidence points to a 
broad range of detrimental effects of plastic 


pollution. Nearly 700 marine species and more 
than 50 freshwater species are known to have 
ingested or become entangled in macroplastic 
(7, 8), and there is growing evidence that 
plastic is ingested by a wide range of terrestrial 
organisms (9). Plastic pollution affects many 
aspects of human well-being: affecting the 
aesthetics of beaches (10), blocking drainage 
and wastewater engineering systems (17), and 
providing a breeding ground for disease vec- 
tors (10, 12). The lower-bound estimate of the 
economic impact on costs of plastic pollution 
to fishing, tourism, and shipping have been es- 
timated at $13 billion annually (13). Although 
harmful effects of microplastic (here defined 
as plastics <5 mm) have not been consistently 
demonstrated, ingestion has been documented 
across trophic levels and at all depths of the 
ocean, in individual organisms and species 
assemblages (8, 74) and in terrestrial organisms 
(15). Microplastics are also increasingly found 
in the human food system, although their im- 
pacts on human health are difficult to assert 
and require further research (16, 17). Plastic pro- 
duction, collection, and disposal are also major 
sources of greenhouse gas (GHG) emissions (78). 

Cost-effective solutions to managing plastic 
waste vary considerably across geographies and 
social settings (3), and a variety of solutions to 
the plastic pollution problem have been pro- 
posed at local, national, and regional levels 
(19, 20). Some proposed interventions focus 
on postconsumption management, requiring 


considerable growth in investment and capac- 
ity of waste management solutions (2/, 22). 
Other interventions prioritize reducing plastic 
through replacement with alternative products, 
reuse, and the development of new delivery 
models (23). Individual countries have estab- 
lished bans or levies on select plastic products, 
with a particular focus on banning single-use 
carrier bags and microbeads in cosmetic pro- 
ducts (24, 25). The European Union recently 
adopted a directive on single-use plastics (26), 
and the Basel Convention was amended to 
regulate the international trade of plastic waste 
(27). The scientific community and non- 
governmental organizations are also working 
to identify solutions (27, 28). Despite these 
efforts, a global evidence-based strategy that 
includes practical and measurable interven- 
tions aimed at reducing plastic pollution does 
not yet exist. 


Modeling approach 


Designing an effective global strategy requires 
an understanding of the mitigation potential 
of different solutions and the magnitude of 
global effort needed to appreciably reduce 
plastic pollution. To estimate mitigation po- 
tential under different intervention scenarios, 
we developed the Plastics-to-Ocean (P.O) model. 
P.O is a data-driven coupled ordinary differen- 
tial equation (ODE) model that calculates the 
flow of plastics through representative systems. 
We used the model to characterize key stocks 
and flows for land-based sources of plastic 
pollution across the entire value chain for mu- 
nicipal solid waste (MSW) macroplastics (figs. 
S1 and S2) and four sources of primary mi- 
croplastics (those entering the environment as 
microplastics) [supplementary materials (SM) 
section 15 and figs. $3 to S6]. Crucially, it 
provides estimates of plastic waste input into 
the environment. Costs are calculated as a func- 
tion of modeled plastic flows, and changes in 
costs due to production scale and technological 
advancement are accounted for through learn- 
ing curves and returns to scale (SM section 16.1). 

We calculated projected growth in demand 
for plastic using country-level population size 
(29), per capita macroplastic MSW (30, 30), 
and microplastic-generating product use and 
loss rates. Per capita waste generation and waste 
management processes (such as collection costs, 
collection and processing rates, and recycling 
recovery value) and rates of primary microplas- 
tic generation vary by geography and plastic 
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Table 1. Summary statistics and comparison of end-of-life fates for MSW plastic under BAU and SCS. Shown from left to right are plastic mass, percent of 
total plastic demand under different end-of-life fates for year 2016 and for year 2040 under the Business as Usual (BAU) and System Change scenarios (SCS), 
and percent change in plastic mass, under different end-of-life fates for SCS in 2040 relative to 2016 and BAU in 2040. Values in square brackets represent the lower 
and upper bounds of the 95% Cl for the values above them. Dashes indicate undefined values whose calculation involves division by zero. 


Plastic mass (Mt/year) Fate as % plastic demand SCS 2040 % change 


End-of-life fate SS 
BAU 2040 SCS 2040 2016 BAU 2040 SCS 2040 2016 BAU 2040 


(34, 70] (7.8, 18] (13, 27] [14, 29] [18, 39] 


*Components of the mismanaged end-of-life fate. These categories sum to the total for mismanaged waste. 
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category or source (6, 32-34). To account for 
these differences, the global population was 
split across eight geographic archetypes accord- 
ing to World Bank income categories (low in- 
come, lower- and upper- middle income, and 
high income) and United Nations urban-rural 
classifications (29). Populations were further 
differentiated by their distance to water (<1 km 
or >1 km) to estimate their relative flows of 
plastic pollution to terrestrial versus aquatic 
(lakes, rivers, and marine environments) sys- 
tems. To account for different waste manage- 
ment pathways (35) and movement rates of 
waste in the environment (35), MSW plastics 
were differentiated into three material catego- 
ries: rigid monomaterial, flexible monomaterial, 
and multimaterial or multilayer. Four micro- 
plastic sources were modeled: synthetic textiles, 
tires, plastic pellets, and personal care products. 

Five scenarios were developed to estimate 
reductions in plastic pollution over the period 
2016 to 2040. Scenarios were defined by four 
high-level classes of interventions (reduce, sub- 
stitute, recycle, and dispose) and eight system 
interventions: (i) reducing plastic quantity in 
the system, (ii) substituting plastics with alter- 
native materials and delivery systems, (iii) im- 
plementing design for recycling, (iv) increasing 
collection capacity, (v) scaling up sorting and 
mechanical recycling capacity, (vi) scaling up 
chemical conversion capacity, (vii) reducing 
postcollection environmental leakage, and 
(viii) reducing trade in plastic waste (table S7). 
Scenarios modeled include (i) “Business as 
Usual” (BAU), (ii) “Collect and Dispose,” (iii) 
“Recycling,” (iv) “Reduce and Substitute,” and 
(v) an integrated “System Change” scenario 
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that implemented the entire suite of interven- 
tions (tables S8 and S57). 

At all relevant geographical scales, waste 
production and handling data are notoriously 
difficult to obtain. Many model inputs have a 
high degree of uncertainty, which was prop- 
agated with Monte Carlo sampling. Data inputs 
and assigned uncertainties are described in SM 
section 5.6. In the absence of datasets with 
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which to formally validate the model, we 
conducted sensitivity analyses to quantify 
the influence of individual model inputs and 
to identify key drivers of plastic pollution. 
Model outputs from the BAU scenario were 
also compared with results from other global 
studies (2, 5, 36). 


Business as usual 


The BAU scenario highlights the scale of the 
plastic pollution problem and provides a base- 
line from which to compare alternative inter- 
vention strategies (Fig. 1). At a global scale 
from 2016 to 2040, the annual rate of macro- 
and microplastic entering aquatic systems from 
land increased 2.6-fold (Fig. 1C and Table 1). 
Over the same period, the rate of plastic pol- 
lution retained in terrestrial systems increased 
2.8-fold (Fig. ID and Table 1). 

When we modeled current commitments to 
reducing plastic pollution assuming full imple- 
mentation (SM section 9.1), annual plastic 
pollution rates into aquatic and terrestrial 
environments decreased by only 6.6% [95% 
confidence interval (CI): 5.4, 7.9] and 7.7% 
[5.2, 10] by 2040, respectively (Fig. 1A) (37). 
This result confirms that current commitments 
coupled with appropriate policies can reduce 
plastic waste input into the environment but 
also shows that considerable additional effort 
will be needed to match the unprecedented 
scale of projected environmental plastic pollution. 

Plastic pollution rates were found to be par- 
ticularly sensitive to total plastic mass, collection 
rates, and the ratio of managed to mismanaged 
waste. For example, a 1-ton reduction in plastic 
MSW mass (through reduce and substitute in- 
terventions) decreased aquatic plastic pollution 
by an average of 0.088 tons in low- and middle- 
income archetypes and an average of 0.0050 tons 
in high-income archetypes. Across all archetypes, 
an equivalent increase in the collection of plastic 
waste (through formal and informal sectors) 
resulted in an average 0.18-ton decrease in 
aquatic plastic pollution, whereas a similar 
decrease in postcollection mismanaged waste 
produced an average 0.10-ton decrease in aquatic 
plastic pollution. 


Scenarios to reduce plastic pollution 


The focus of plastic pollution reduction strat- 
egies can be broadly partitioned into upstream 
(preconsumption, such as reducing demand) 
and downstream (postconsumption, such as 
collection and recycling) measures. To param- 
eterize the development of waste management 
and recycling solutions in the Collect and Dis- 
pose, Recycling, and System Change scenarios, 
we estimated maximum foreseen growth and 
implementation rates on the basis of historical 
trends and expert panel consensus assessment 
(SM section 1). Compared with BAU, the an- 
nual combined terrestrial and aquatic plas- 
tic pollution rates were reduced by 57% in 
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2040 [45, 69] under the Collect and Dispose 
scenario and by 45% [35, 54] under the Re- 
cycling scenario (Fig. 1, A and B). 

Strategies focused on upstream (precon- 
sumption) solutions were represented by the 
Reduce and Substitute scenario. We developed 
a feasibility assessment framework to model 
the potential development of upstream solu- 
tions aimed at reducing the volume of plastics 
used and disposed of into the waste stream 
(SM section 9). We assessed 15 major plastic 
applications against four criteria for technol- 
ogy readiness and unintended consequences 
related to health and food safety, consumer 
acceptance (for example, convenience and cli- 
mate change impacts), and affordability (tables 
$21 and S22). We assessed the feasibility of sub- 
stitution with alternative material against the 
potential for scaling to meaningful levels within 
the modeling period. Paper, coated paper, and 
compostable materials met these criteria. Un- 
der the Reduce and Substitute scenario, annual 
combined terrestrial and aquatic plastic pollu- 
tion in 2040 decreased 59% [4’7, 72] relative to 
BAU, whereas annual plastic production de- 
creased by 47% [44, 49]. Consequently, plastic 
production in 2040 under the Reduce and 
Substitute scenario (220 Mt/year [200, 240]) 
was similar to production in 2016 (210 Mt/year 
[200, 230]). 

Neither pre- nor postconsumption interven- 
tions alone are sufficient to address the plastic 
problem. Combining the maximum foreseen 
application of pre- and postconsumption solu- 
tions represents the most aggressive possible 
solution given current technology: the System 
Change scenario. In this scenario, annual com- 
bined terrestrial and aquatic plastic pollution 
decreased by 78% [62, 94] relative to BAU in 
2040 but only by 40% [31, 48] relative to 2016 
pollution rates (Fig. 1, A and B, and Table 1). In 
2040, the annual rate of land-based sources of 
plastic entering aquatic and terrestrial systems 
decreased by 82% [68, 95] and 76% [55, 97] 
relative to BAU, respectively (Fig. 1, C and D, 
and Table 1). 

Under the System Change scenario in 2040, 
a substantial reduction in mismanaged and 
disposed waste was achieved through in- 
creases in the proportion of plastic demand 
reduced, substituted by alternative materials, 
and recycled (Fig. 2A and Table 1). These 
changes to the plastic system resulted in 11% 
[10, 12] less virgin plastic being produced in 
2040 under the System Change scenario than 
was produced in 2016, and 55% [51, 58] less 
than in 2040 under BAU. Moreover, this re- 
duction was driven by increases in recycled 
plastic feedstock, which have lower life-cycle 
GHG emissions (18). Taken together, the Sys- 
tem Change scenario moves toward achieving 
a circular economy in which resources are con- 
served, waste generation is minimized (38), and 
GHG emissions reduced. 
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The present value of cumulative, global 
waste management operations from 2016 to 
2040 was approximated to assess the relative 
cost of each scenario (Fig. 3). Among scenar- 
ios, costs varied by less than 20% relative to 
BAU, were lowest under the System Change and 
Recycling scenarios, and were highest for the 
Collect and Dispose scenario. Costs under the 
System Change scenario were 18% [14, 23] 
lower than BAU, with increased waste man- 
agement costs offset by costs savings from 
reduced plastic production and revenues from 
recyclate sales, which increased because of 
product redesign and improved economics 
of recycling (SM section 16.8). These costs 
represent only waste management costs, which 
are generally borne by taxpayers. Corporate en- 
gagement, through improved product design, 
alternative material development, and new 
business models will be necessary to achieve 


Plastic category 
* Rigid 

~ Flexible 

~ Multi-material 
* Microplastic 


Cumulative aquatic plastic pollution (Mt) +/- 95% Cl 


pollution levels observed in the System Change 
scenario. This engagement will likely require a 
substantial shift in private sector investment. 
Our results underline the urgency with which 
extensive interventions are needed. Despite a 
considerable reduction in annual plastic pro- 
duction and an increase in the proportion of 
MSW that is effectively managed under the 
best-case System Change scenario, a substantial 
amount of plastic waste remained mismanaged 
(not collected and sorted, recycled, or safely 
disposed) between 2016 and 2040. When im- 
plementation of interventions begins in 2020, 
the cumulative mass of plastic pollution added 
between 2016 and 2040 amounts to 250 Mt 
[190, 310] in aquatic systems (Fig. 4A) and 460 
Mt [300, 640] in terrestrial systems (Fig. 4B), 
which are approximately 1 and 2 times the total 
annual plastic production in 2016, respectively. 


If implementation of interventions is delayed 
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by only 5 years, an additional 300 Mt of mis- 
managed plastic waste is expected to accumu- 
late in the environment. 


Outlook by plastic category 


The complex composition of multimaterial 
plastics limits the technical feasibility of sort- 
ing and reprocessing (39), decreasing the eco- 
nomic attractiveness of recycling. Accordingly, 
the annual production of these plastics de- 
creased by 19 Mt [18, 20] from 2016 to 2040 
under the System Change scenario, with a shift 
of similar magnitude to flexible monomaterial 
plastic production (20 Mt/year [19, 21]). 

Because of the relative ease of collection and 
sorting, recycling was dominated by rigid plas- 
tics in all archetypes and across all scenarios 
(Fig. 4C). Under the System Change scenario 
in 2040, rigid plastics represented 62% [58, 67] 
of the annual mass of recycling, with a sizeable 
component of flexible monomaterial plastic 
(33% [28, 37]) (Fig. 5A). In comparison, only 
5.0% [4.2, 5.4] of recycled material was derived 
from multimaterial or multilayer waste plastic 
(Fig. 5A). 

The diversity of polymer types, surface con- 
tamination, and low density of postconsumer 
flexible monomaterial limit their capacity for 
recycling, particularly in geographies where 
waste collection services are provided by the 
informal sector. At a global scale, the absolute 
and relative contribution of flexible mono- 
material plastics to environmental pollution 
grew between 2016 and 2040, from 45% [35, 
56] to 56% [40, 73] in aquatic environments 
and from 37% [18, 52] to 48% [22, 67] in ter- 
restrial environments (Fig. 5, B and C). Accord- 
ingly, finding an economically viable solution 
to effectively manage flexible plastics will be es- 
sential for solving the plastic pollution problem. 

Similarly, the proportion of total plastic 
pollution originating from microplastics in 
the System Change scenario grew from 11% 
[6.5, 18] to 23% [11, 42] in aquatic systems and 
from 16% [8.2, 27] to 31% [18, 51] in terrestrial 
systems over the modeled period (Fig. 5, B and 
C). Technologies to capture microplastics, which 
often rely on stormwater and wastewater man- 
agement and treatment, are rarely economically 
feasible—even in wealthy regions—because of 
associated infrastructure costs. This technolog- 
ical challenge is particularly acute for tire 
particles, which contributed 93% [83, 96] of 
global microplastic pollution by mass in 2040. 


Difficulties to overcome 


Scaling collection to all households at a global 
level is a monumental task that would require 
connecting over a million additional households 
to MSW collection services per week from 2020 
to 2040; the majority of these unconnected 
households are in middle-income countries. 
The effort to increase household waste collec- 
tion will therefore require a key role for “waste 
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pickers” [the informal collection and recycling 
sector (40)], who link the service chain (MSW 
collection) to the value chain (recycling) in 
low- and middle-income settings. Globally, 
this sector was responsible for 58% [55, 64] of 
postconsumer plastic waste collected for recy- 
cling in 2016. To incentivize the collection of 
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the System Change Scenario (SCS). (A) Propor- 
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low-value plastics (flexible monomaterial and 
multimaterial or multilayer plastic) by the in- 
formal sector, the profitability of recycling these 
materials would need to rise to create demand 
for their collection. Accordingly, investments 
in collection infrastructure must be coordinated 
with improved governance around collection, 
sorting, and safe management of generated 
waste (41). 

Mismanaged plastic waste (in dumpsites, 
openly burned, or released into aquatic or 
terrestrial environments) is associated with a 
range of risks to human and ecological health 
(42). Substantial quantities of such waste are 
likely to continue to be emitted into the envi- 
ronment or openly burned through time. Un- 
der the System Change scenario, in addition to 
aquatic and terrestrial pollution, ~250 Mt 
[130, 380] of waste plastic would accumulate 
in open dumpsites from 2016 to 2040 and re- 
main a potential source of environmental pol- 
lution (Fig. 4D). Many communities in emerging 
economies with inadequate waste management 
services and infrastructure burn waste residen- 
tially or in open dumpsites without emissions 
controls. Open burning transfers the pollution 
burden to air, water, and land through the gen- 
eration of GHGs, particulate matter (including 
microplastic particles), and harmful chemicals 
such as dioxins and other persistent organic 
pollutants (43, 44). Despite its human health 
and environmental consequences, open burning 
was the single largest component of misman- 
aged plastic waste under all scenarios, with 1200 
Mt [940, 1400] of plastic burned in the System 
Change scenario between 2016 and 2040 (Fig. 
4D). It therefore remains a stubborn pollution 
and social justice problem in need of an effective 
solution. 

Although not strictly mismanaged, the net 
export of waste from high-income to upper- 
and lower-middle income countries grew from 
2.7 Mt/year [2.4, 4.7] in 2016 to 3.8 Mt/year 
[0.7, 7.2] in 2040 under BAU. Although a com- 
paratively small amount, these exports have the 
potential to increase the fraction of misman- 
aged plastic waste because receiving countries 
often have insufficient capacity to manage their 
own waste. Consequently, importing waste for 
recycling can have the unintended consequence 
of displacing these developing economies’ capac- 
ity to recycle their domestic waste (45). 

Although efforts to measure the amount of 
plastic pollution entering rivers and oceans 
have increased in recent years (46-48), key 
data gaps remain. To better estimate the ef- 
fects of consumer, corporate, and policy actions 
on solving the plastic pollution problem, addi- 
tional empirical data are needed throughout 
the plastics system—particularly in developing 
economies. Moreover, a more complete ac- 
counting of the benefits, costs, and externalities 
of plastic use is needed to design policies that 
align social and financial incentives and minimize 
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plastic pollution. These data deficiencies currently 
prevent application of the model at finer 
geographical scales and limit the granularity 
of the system representation. In particular, 
data from the informal sector of the global 
waste management system are scarce, as are 
data that shed light on the importance of 
postcollection MSW mismanagement. Addi- 
tional quantitative data are also needed to better 
understand key sources, rates, and pathways for 
microplastic pollution and for maritime sources 
of plastic pollution. 


Addressing the plastic pollution problem 


Our analysis indicates that urgent and coordi- 
nated action combining pre- and postconsump- 
tion solutions could reverse the increasing 
trend of environmental plastic pollution. Al- 
though no silver bullet exists, 78% of the plastic 
pollution problem can be solved by 2040 through 
the use of current knowledge and technologies 
and at a lower net cost for waste management 
systems compared with that of BAU. However, 
with long degradation times, even a 78% re- 
duction from BAU pollution rates results in 
a massive accumulation of plastic waste in 
the environment. Moreover, even if this system 
change is achieved, plastic production and un- 
sound waste management activities will con- 
tinue to emit large quantities of GHGs. Further 
innovation in resource-efficient and low-emission 
business models, reuse and refill systems, sus- 
tainable substitute materials, waste manage- 
ment technologies, and effective government 
policies are needed. Such innovation could be 
financed by redirecting existing and future in- 
vestments in virgin plastic infrastructure. 
Substantial commitments to improving the 
global plastic system are required from busi- 
nesses, governments, and the international 
community to solve the ecological, social, and 
economic problems of plastic pollution and 
achieve near-zero input of plastics into the 
environment. 
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Following the microscopic pathway to adsorption 
through chemisorption and physisorption wells 


Dmitriy Borodin’, Igor Rahinov’, Pranav R. Shirhatti*, Meng Huang’, Alexander Kandratsenka~, 
Daniel J. Auerbach’, Tianli Zhong", Hua Guo®, Dirk Schwarzer’, Theofanis N. Kitsopoulos'2>”, 
Alec M. Wodtke’?-5* 


Adsorption involves molecules colliding at the surface of a solid and losing their incidence energy 
by traversing a dynamical pathway to equilibrium. The interactions responsible for energy loss 
generally include both chemical bond formation (chemisorption) and nonbonding interactions 
(physisorption). In this work, we present experiments that revealed a quantitative energy landscape 
and the microscopic pathways underlying a molecule’s equilibration with a surface in a prototypical 
system: CO adsorption on Au(111). Although the minimum energy state was physisorbed, initial 
capture of the gas-phase molecule, dosed with an energetic molecular beam, was into a metastable 
chemisorption state. Subsequent thermal decay of the chemisorbed state led molecules to the 
physisorption minimum. We found, through detailed balance, that thermal adsorption into both 
binding states was important at all temperatures. 


physisorbed, CO is nearly a free rotor and weakly 
bound at every surface site (6). When a molecule 
collides randomly at different surface sites and 


dsorption of molecules to metal surfaces 
initiates most heterogeneous chemistry; 
yet, the precise way it occurs is difficult to 
study. When hot molecules collide with a 
surface, they must lose translational and 
internal energy, ultimately reaching equilib- 
rium with the solid. This process may involve 6 
forming transient chemical bonds to the surface, 
leading to chemisorption (J) or, alternatively, 
noncovalent (physisorption) interactions. Fur- 
thermore, which interactions prevail can strongly 
influence surface chemistry (2, 3); for example, 2 
chemisorbed O, on Pt(111) can dissociate pro- 
ducing highly reactive adsorbed atoms (4), 


és 3 0 
whereas physisorbed O, desorbs, remaining = 
unreactive (5). 25 

Generally, molecules adsorb through both O 4 
physisorption and chemisorption interactions O 
(5). Hence, adsorption generally involves pas- Pa 3 
sage through multiple binding states before 2 
equilibrium is achieved. This process repre- wo 2 
sents a complex and fundamental problem that = i 
is not well understood. For example, one might S 
think that physisorption is more important Eo 
for accommodation of impinging molecules. = 
For the CO/Au(111) system, density functional 5 
theory (DFT) calculations suggest that when 4 
chemisorbed, CO binds with a fixed (OC-Au) 
orientation and at specific sites; but when 3 
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with random orientation, physisorption is sta- 
tistically favored. But this scenario ignores 
that rates of equilibration depend strongly on 
the nature of the interactions. For example, the 
vibrational relaxation time of chemisorbed CO 
to Cu is ~2 ps (7) but is 49 ps for CO physisorbed 
to Au (8). 

The intricate interplay between physisorp- 
tion and chemisorption states is believed to 
take place in precursor-mediated adsorption 
(9-11) and bear on a broad variety of surface 
science applications, ranging from catalytic 
steam reforming (0, 12) to designing molec- 
ular switches (12). Despite being central to a 
dynamical picture of surface chemistry, pre- 
dicting and probing adsorption pathways ex- 
ceeds our current understanding. Not only is 
electronic structure theory challenged to pro- 
vide accurate, simultaneous descriptions of 
covalent and noncovalent interactions, but also 
no experiments so far have been reported that 
directly follow adsorption pathways through 
chemisorption and physisorption wells. Re- 
cently, we observed that vibrationally excited 
CO can trap to a gold surface, equilibrating 


xX v=2<2 4 
=== model 
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---- TD Ls 
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Fig. 1. State-specific time of flight traces. Measured TOF traces of CO(v = 1) (+ symbols) and CO(v = 2) 
(x symbols) at different surface temperatures along with their global fits (solid lines) revealing the DS 
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(dash-dotted lines) and TD* (dashed lines) components. The incidence energy is Ej = 0.32 eV. The surface 
temperature is indicated in each panel. The method for decomposing the data into DS and TD* components 
is explained in the supplementary materials, section 1. 
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Fig. 2. Vibrational state-specific yields of 
desorbing molecules. (A to D) Experimentally 
observed CO(v = 1) (open circles) and CO(v = 2) 

(x symbols) passing through the TD* channel. 

The error bars indicate a 90% confidence interval. 
Black and red solid lines are results of fits to the PAC 
model. (A) Logarithmic scale. (B), Linear scale. 

Black and red dashed lines represent the PO model. 
(C) Logarithmic scale. (D) Linear scale. Blue solid 

ine (PAC) and blue dashed line (PO) represent the 
desorbing yield of CO(v = 0) stemming from ultimate 
vibrational relaxation of CO(v = 2). The shading 
epresents the uncertainty of the fit determined 

by random number sampling of the fit parameter 
distribution (supplementary materials, section 4). 


both its rotational and translational motion 
but without vibrational equilibration (73). As 
we will show below, this feature provided a 
distinctive opportunity to follow the micro- 
scopic pathways of adsorption and equili- 
bration on the surface, using the vibrational 
relaxation time as an internal clock. 

Specifically, we have demonstrated that the 
adsorption of energetic CO to Au(111) involves 
pathways through a chemisorption state re- 
cently predicted by theory (6) as well as the 
known physisorption state (8, 14). We showed 
that although the overall free-energy minimum 
is the physisorbed state, when an energized 
molecule collides with the surface, it first 
becomes trapped in a metastable chemisorp- 
tion state, in which it rapidly loses its vibra- 
tional and translational energy to the solid. 
We were able to derive the adsorption energies 
of the two states and the height of the energy 
barrier separating them. Application of the 
principle of detailed balance allowed us to 
use the information obtained in this molec- 
ular beam experiment to probe the pathway 
to thermal adsorption. This analysis showed 
that thermal adsorption involves substantial 
contributions from both chemisorption and 
physisorption at all temperatures. 

The experiment involved scattering a molec- 
ular beam of optically prepared CO(w = 2, J = 1) 
from Au(i1l1) (where v is a vibrational quan- 
tum number and J is a rotational quantum 
number) and state-selectively detecting, at 
controlled surface temperature (Ts), the time 
of flight (TOF) of the thermally desorbing 
molecules in v = 1 and v = 2, in addition to 
directly scattered ones (supplementary mate- 


Borodin et al., Science 369, 1461-1465 (2020) 


PAC-model 


PO-model 


10° 


7 
100 200 300 400 500 
surface temperature / K 


200 300 400 500 600 


surface temperature / K 


600 100 


> | 
o ! 1 
iad fai CP 
i | Here ke? (Ts) 
= Fa ie B 
1 I 
a eae 
2 ron 
o yo ee EC EP 
ic ‘ ; 
5 dg (82 + 12) (120 + 2) 
— 1 
@ iw * 
i) losis 
fom Ia! & 
r+ $m 
oa? 
ror | iy 
toe t-S 
1a ta t 
Y ABPE E&P 
¥ (38 + 12) | (13+ 13) 


Au-CO distance (z) 
Fig. 3. The PAC model. (A and B) Rate processes describing the competition between (A) vibrational 
relaxation (dashed arrows) and (B) desorption (solid arrows) and interconversion between the chemisorbed 
and physisorbed states (dotted arrows). (C) Features of the Au(111)-CO interaction potential, derived from a 


fit of the PAC model to the experimental data. 


rials, materials and methods) (73). We were 
inspired by recent theoretical predictions of a 
metastable chemisorption state with a short 
vibrational relaxation lifetime (6). We knew 
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that the physisorbed molecule undergoes slow 
vibrational relaxation (8, 15). So, it was clear 
that by varying Ts and thereby controlling 
the molecule’s surface residence time, the 
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temperature-independent vibrational relaxation 
lifetime could act as an internal clock, sensitive 
to the type of interaction that the molecule had 
experienced at the surface. Our goal was to 
obtain quantitative insight into the pathways 
to adsorption from measured populations of 
thermally desorbing CO in v = 1 and 2, which 
depend on the branching ratio between vibra- 
tional relaxation and desorption. 

Examples of these TOF experiments are 
shown in Fig. 1. The traces comprise a high- 
speed direct scattering (DS) component and a 
slower component owing to thermal desorp- 
tion (TD*) of CO(w = 1 or 2). We use the 
notation TD* to indicate that the vibrational 
relaxation is not complete despite all other 
degrees of freedom (rotation and transla- 
tion) being thermalized with the surface (13). 

We fit data such as that of Fig. 1 to a 
simple model on the basis of the principle 
of detailed balance (supplementary mate- 
rials, section 1). Hence, the fitting also 
yields the sticking probability versus in- 
cidence kinetic energy for CO on Au(11)), 
which agrees well with a previous report 
(16). This procedure also yielded vibration- 
al state-specific populations of desorbing 
molecules in the TD* channel (Fig. 2). CO 
(vw = 2) (Fig. 2, x symbols) dominated the 
TD* channel, but some CO also desorbed in 
v = 1(Fig. 2, open circles). Desorption yield 
varied strongly with Ts; and can be fit with 
a kinetic model involving physisorption 
and chemisorption states (PAC model). 

The PAC model is shown schematically 
in Fig. 3, A and B, and is described further 
in the supplementary materials, section 2. 
The important rate processes are thermal 
desorption from the chemisorbed (oy) and 
physisorbed (ke) states; thermal conversion 
between the two states (kP° and k°?); and 
vibrational relaxation of chemisorbed (KS) 
and physisorbed a) molecules. Here, 7 and 
j are vibrational quantum numbers. 

We have fit the vibrational state- 
specific quantities of Fig. 2, the x symbols 
and open circles, to the PAC model, opt- 
imizing only five parameters: Is the 
relaxation rate constant of chemisorbed 
CO(v = 1); AE’®, the energy of the 
chemisorbed state relative to the phys- 
isorbed state; E*°, the barrier to convert 
physisorbed molecules to the chemisorbed 
state; A?°(Ts), the Arrhenius prefactor to 


fractional contribution 


can be derived with the help of first-principles 
electronic structure calculations (6) and tran- 
sition state theory (supplementary mate- 
rials, section 3) (18-20). 

The best fit is shown in Fig. 2, A and B, as 
black and red lines; all of the relevant rate 
constants are tabulated in the supplementary 
materials, section 3. A host of useful informa- 
tion emerges from the fitting. The derived 
energy landscape for adsorption is shown in 
Fig. 3C; this includes an analysis of TPD data 
yielding EE , the desorption barrier from the 
physisorbed state (supplementary materials, 
section 3). We emphasize that S© = 0.98 + 
0.02, indicating nearly exclusive initial popu- 
lation of the metastable chemisorption well 


1.0 


SS a een SN 

5 i a 
=U | 

B08 i A 
a> 

22306 i 

a —— P-ReD 

=> 0.4 | —— C-ReD 

eA. | —— PReCD 

pe Ne sum of major pathways 
090.2 ! 

oo 

e a t 


| 
200 300 400 
surface temperature / K 


=° formation 
oc 2 92 
b a fos) 


to CO¥ 
o 
B 


100 


150 
surface temperature /K 


200 
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prec c eco = 


convert physisorbed molecules to the chem- 
isorbed state; and S“, the fraction of CO(w = 2) 
molecules that initially trap into the 
chemisorbed state. The values of param- 
eters that result from the fits are provided 
in table S4. 

Other constants in the model are known 
independently from temperature-programmed 
desorption (TPD) (17) or pump-probe mea- 
surements of vibrational lifetimes (8) or 
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(A) (Top) (i) Relative contribution of the most prominent 
pathways to CO(v = 1) desorption flux. (Bottom) Schematics 
illustrating the relative contributions of three most prominent 
pathways at (ii) low (150 K) and (iii) high (300 K) surface 
temperatures. (B) (Top) (i) Relative contribution of most 


prominent pathways of CO(v = 2) ultimate relaxation 


and 


formation of physisorbed CO(v = 0) on the surface. (Bottom) (ii to 
iv) Schematic representations of the most prominent pathways at 
different surface temperature regimes. The arrow thickness is 

proportional to the relative importance of the formation pathways. 
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in the molecular beam experiment and that 
molecules initially trapped in the chemisorbed 
state need only pass over a small barrier (of 
ES? = 13 meV) to reach the physisorbed state, 
which is qualitatively consistent with pre- 
dictions of first-principles electronic struc- 
ture theory (6). 

We also attempted to fit our results to 
models that neglect the chemisorption state 
(supplementary materials, section 5). Ina 
physisorption-only (PO) model, adsorption 
occurs into a single physisorption well, and 
vibrational relaxation competes with thermal 
desorption. The PO model (Fig. 2, C and D, 
dashed black and red lines) failed to repro- 
duce the experimental observations. Ther- 

mal desorption from the physisorbed 
state was much slower than from the 
chemisorbed state (KE « ks ) (table S3); 
therefore, vibrationally excited molecules 
that were physisorbed relaxed more rap- 
idly than they desorbed. This is mainly 
due to adsorbate entropy; the physisorbed 
state has the high entropy of a two- 
dimensional ideal gas, and the chem- 
isorbed state has the low entropy of a 
hindered translator. By contrast, in the 
PAC model, rapid thermal desorption 
from the chemisorption well allowed CO 
(v = 2) to survive, which is in agreement 
with experiment. We also tried a third 
model that was based on the hypothesis 
that vibrational relaxation from v = 2 > 
1 occurred during the subpicosecond inter- 
action time of a DS event and that a frac- 
tion of these nascent CO(v = 1) molecules 
became trapped in the physisorption well 
(supplementary materials, section 5). This 
model also fails to describe the experimen- 
tal observations. 

The PAC model was supported by first- 
principles predictions of the coexistence of 
chemisorbed and physisorbed states (6). The 
precise energies of these states, the height 
of the energy barrier separating them, and 
the predicted vibrational relaxation lifetimes 
all depend on the specific assumptions 
of the theory and the chosen functional. 
Nevertheless, they were consistent with the 
experimentally derived values (supplemen- 
tary materials, section 6). 

Calculated microscopic pathway fluxes 
obtained from the experimentally vali- 
dated PAC model are shown in Fig. 4. This 
includes pathways leading to CO(w = 1) 
desorption (Fig. 4A) and adsorption to the 
lowest energy physisorption minimum 
(Fig. 4B). Details on how pathway fluxes 
were determined are provided in the sup- 
plementary materials, section 7. At all tem- 
peratures, the first step toward equilibrium 
involved trapping of CO(v = 2) into the 
chemisorption well. This state can then 
undergo vibrational relaxation, thermal 
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Fig. 5. Thermal adsorption into chemisorbed and 
physisorbed states. (A) Thermal sticking coeffi- 
cients. (B) Relative contributions. Colored lines 
denote thermal adsorption into the physisorption 
(dashed, red) and chemisorption (dash-dotted, 
blue) wells. The black line is the total thermal 
adsorption coefficient. 


desorption, and/or thermal conversion to the 
physisorbed state. At low temperatures (Fig. 
4, blue lines and blue arrows), vibrational 
relaxation dominated because it required no 
thermal activation. At high temperature (Fig. 4, 
red lines and red arrows), conversion to the 
physisorbed species was rapid, followed by 
either desorption or vibrational relaxation. At 
intermediate temperatures, the physisorbed 
state could even transfer back to the chemi- 
sorption well. 

Although the observations of these experi- 
ments are specific to vibrationally inelastic 
pathways to adsorption, the conclusions of 
this work are not. Vibrational motion has little 
influence on adsorption (27), and by apply- 
ing the principle of detailed balance (supple- 
mentary materials, section 8) we can use the 
quantities derived from these molecular beam 
experiments to better understand thermal 
adsorption of CO to Au(111). Key results are 
shown in Fig. 5. 

Thermal adsorption occurred initially into 
both the chemisorbed and physisorbed states, 
with similar probabilities at all temperatures. 
At low temperatures, adsorption into the two 
states was equally important. At intermediate 
temperatures, the higher-entropy physisorbed 
state increased in relative importance. But at 
the highest surface temperatures, the transla- 
tional and rotational entropy of the chemi- 
sorbed CO approached that of the physisorbed 
CO and the chemisorbed CO again grew in 
importance. This increased entropy of the 
chemisorbed CO resulted from a greater sam- 
pling of higher-energy chemisorption states 
at different binding sites of the surface. 
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We also reconcile in Fig. 5 the seemingly 
contradictory observations that the molecu- 
lar beam experiments exclusively probed the 
chemisorption state, but low-temperature ther- 
mal dosing experiments have never shown 
evidence of the chemisorption state (8, 14). In 
the molecular beam experiments that used 
high-energy CO, the chemisorption state could 
be initially and selectively populated; these states 
were the same ones that became increasingly 
important in the high temperature range shown 
in Fig. 5. The high-temperature thermal ad- 
sorption still populated both states because of 
the large width of the Maxwell-Boltzmann 
distribution, while the width of the energy 
distribution in the molecular beam was orders 
of magnitude narrower (supplementary mate- 
rials, section 8). For low-temperature dosing, 
it is clear now that both binding states were 
initially populated. But when we consider the 
small barrier to interconversion, it turns out 
that experiments have never been done at low 
enough temperatures to suppress thermal in- 
terconversion of the chemisorption to the 
physisorption state (supplementary materials, 
section 9). This analysis suggests an interesting 
experiment that could be carried out in the 
future. Ifa molecular beam with 0.3 eV incidence 
energy is used to selectively populate the chem- 
isorption state and the surface is cooled below 
5 K, it may be possible to suppress intercon- 
version to the physisorbed state long enough to 
observe directly the metastable chemisorbed state. 

Last, we highlight the implications of our 
work within the context of an industrially 
important class of catalytic reactions. Catalytic 
oxidation is initiated on a variety of metals 
through the reaction O.(.)— 0}, where O} can 
be either physisorbed or chemisorbed. Hence, 
catalytic activation of oxygen, similar to many 
other examples in heterogeneous catalysis, is 
a complex network of thermal rate processes 
that includes adsorption into, desorption from, 
and interconversion between physisorbed and 
chemisorbed molecular states (5). Although 
these qualitative statements are long estab- 
lished, it has never before been possible to 
construct a model that accurately describes 
such a kinetic adsorption network. As a result, 
there has also never been a way to test to what 
extent theory is capable of describing such an 
intricately balanced set of rate processes. With 
the results presented here, we successfully de- 
termined the rate constants of a thermal ad- 
sorption network, revealing the fundamental 
energetic and entropic characteristics of ad- 
sorption and desorption. We also showed that 
the results can be understood from first prin- 
ciples by comparison with a multidimensional 
potential energy surface constructed with DFT 
(6). This result strengthens the foundation on 
which a predictive theory of surface chemistry 
and heterogeneous catalysis may continue to 
be developed. 
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Assessing the impact of coordinated COVID-19 exit 


strategies across Europe 


N. W. Ruktanonchai*+, J. R. Floyd’*+, S. Lai*+, C. W. Ruktanonchai“+, A. Sadilek°, 
P. Rente-Lourenco’, X. Ben®, A. Carioli’, J. Gwinn®, J. E. Steele’, 0. Prosper®, A. Schneider’, 


A. Oplinger’, P. Eastham’, A. J. Tatem? 


As rates of new coronavirus disease 2019 (COVID-19) cases decline across Europe owing to 
nonpharmaceutical interventions such as social distancing policies and lockdown measures, countries 
require guidance on how to ease restrictions while minimizing the risk of resurgent outbreaks. We use 
mobility and case data to quantify how coordinated exit strategies could delay continental resurgence 
and limit community transmission of COVID-19. We find that a resurgent continental epidemic could 
occur as many as 5 weeks earlier when well-connected countries with stringent existing interventions 
end their interventions prematurely. Further, we find that appropriate coordination can greatly improve 
the likelihood of eliminating community transmission throughout Europe. In particular, synchronizing 
intermittent lockdowns across Europe means that half as many lockdown periods would be required to 


end continent-wide community transmission. 


he ongoing coronavirus disease 2019 

(COVID-19) pandemic rapidly spread 

across Europe in February and March 

2020, making it the largest cluster of 

cases worldwide for much of March and 
April 2020 (J). In response, most of Europe im- 
plemented strict lockdown measures to control 
disease spread, which have been shown to be ef- 
fective at reducing transmission (2-4). As rates of 
new cases decline, countries are now implement- 
ing various exit strategies to relax restrictions (5). 
Long-term success of any potential exit strategy 
hinges on what happens regionally, as interna- 
tional importation could overwhelm efforts to 
prevent resurgence through testing and contact 
tracing (6, 7). To account for potential interna- 
tional importation the European Commission rec- 
ommended that governments provide advance 
warning of plans to relax nonpharmaceutical 
interventions (NPIs) (8) and has specifically fo- 
cused on coordinated easing of travel restric- 
tions (9). To better evaluate the importance 
and nature of an internationally coordinated 
exit strategy, governments require an evidence 
base for understanding importation and the 
consequences of easing interventions in an 
uncoordinated way. 

Data from mobile phones can help address 
this need by informing connectivity patterns, 
contact rates, and the effect of various NPIs 
on mobility. In other settings, mobile phone 
data have been instrumental for understand- 
ing where infection occurs for various diseases 
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(0) such as malaria (II, 12), predicting disease 
spread (73), and quantifying population mobil- 
ity during and after catastrophic events (14). 
More recently, for the COVID-19 pandemic, 
these data have been valuable in assessing 
NPI effectiveness (3, 4) and remain a leading 
way to understand whether populations are 
adhering to social distancing policies (75-18). 
These data also link well with theoretical 
models that provide a basis for understand- 
ing how heterogeneous mobility and exposure 
will affect disease invasion (19) in spatially 
structured populations (20). 

Here, we provide an evidence base for co- 
ordinated exit strategies across Europe using 
mobile phone data and a metapopulation 
model of COVID-19 transmission (27). Specif- 
ically, we quantify the progression of a second 
continent-wide epidemic if countries act in a 
coordinated or uncoordinated manner. We 
also quantify how coordination could influ- 
ence regionally interrupted transmission of 
COVID-19, testing the importance of synchro- 
nized NPIs if countries phase them to limit 
economic impact. We accomplished this by 
(i) estimating pre-COVID-19 mobility using a 
newly compiled anonymized and aggregated 
call data record dataset from Vodafone and 
an anonymized and aggregated continental 
NUTS3 (Nomenclature of Territorial Units 
for Statistics) mobility dataset from Google 
(table S1), Gi) measuring mobility reductions 
due to NPIs using a separate COVID-19 Google 
dataset, and (iii) propagating these reductions 
in an epidemiological model (see fig. S1 for 
data flow). All analyses were undertaken at the 
NUTS3 administrative unit level, which are 
administrative boundaries regulated by the 
European Union (EU) for use within EU mem- 
ber states (22), with spatial extents defined by 
population thresholds ranging from 150,000 
to 800,000 residents. 


18 September 2020 


Baseline mobility and COVID-19-related 
reductions 

First, we predicted the baseline probability of 
moving between NUTS3 regions across Europe 
using the Vodafone data in Spain and Italy and 
the continental Google NUTS3 dataset (Fig. 1). 
We then analyzed the Google COVID-19 data- 
set to quantify reductions in mobility and con- 
tact rates from January 2020 through the end 
of March 2020 in response to the COVID-19 
pandemic (Fig. 2). In our simulations, we used 
observed reductions in mobility in each NUTS3 
area to proportionally reduce outgoing flows, 
incoming flows, and local contact rates for 
that area. 

Using these baseline mobility patterns and 
reductions in mobility, we simulated the spread 
of COVID-19 over 6 months, starting on 4 April 2020 
while making various assumptions about where 
and when NPIs would be relaxed or reinstated. 
Across all simulations, we started transmission 
on 20 March 2020 because this predates large 
reductions in mobility (Fig. 2B), allowing the 
disease to spread initially in a data-driven way 
that can help account for spatial biases in re- 
porting and testing. We parameterized the ini- 
tial numbers of people infected using a repository 
maintained by the Johns Hopkins University 
Center for Systems Science and Engineering 
(CSSE) (23). Because the case data from this re- 
pository were at the country level, we distributed 
cases across NUTS3 area proportionally on the 
basis of population size (fig. S10). 

To simulate different exit strategies and the 
overall impact of the different NPIs enacted, 
we reduced mobility the week after 28 March 
(29 March to 4 April) on the basis of the ob- 
served change between 15 to 21 March and 22 to 
28 March to account for changes caused by fur- 
ther uptake of existing NPIs (Fig. 2). On average, 
we predicted an overall mean reduction in 
mobility of 65% compared with 28 January to 
18 February through this process, agreeing with 
recent studies on contact rate reductions in the 
United Kingdom (24), which observed a 73% 
reduction in daily contacts. When simulating 
active lockdowns on dates after 4 April, we 
used the predicted mobility reduction for each 
NUTS3 area from 29 March to 4 April. When 
we simulated countries lifting their NPIs en- 
tirely, we used the relative mobility patterns 
observed from 1 to 7 March. 


Modeling the effect of lifting interventions early 


First, we compared secondary epidemic tim- 
ing when all countries coordinated their exit 
strategies with simulations where one country 
ended its interventions early. We iteratively 
tested the impact of each country in Europe 
easing lockdowns starting 15 April, while all 
other countries extended their NPIs for 4, 8, 
or 12 weeks, depending on the simulation run. 
For the country that lifted its NPIs early, we 
assumed that people in each NUTS3 area 
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Fig. 1. Predicted baseline A 
mobility patterns for 

28 January to 18 February 
2020. (A) Probability of 
moving from one NUTS3 
administrative unit to 
another after 8 hours. 

(B) Individual probability of 
moving between the top 20 
European countries with 
the greatest outward mobil- 
ity. For example, an individ- 
ual in Germany (DE) is 
roughly twice as likely to 
travel internationally than 
an individual in Austria (AT). 
Colors shown in (B) corre- 
spond to the source 
country, and country codes 
are from Eurostat (34). 
EL, Greece; ES, Spain; 

Fl, Finland; FR, France; 


Probability J 


10° 10° 10% 10° 10? 


HR, Croatia; HU, Hungary; IT, Italy; NL, Netherlands; NO, Norway; PL, Poland; PT, Portugal; RO, Romania; SI, Slovenia; TR, Turkey; UK, United Kingdom; 


BE, Belgium; BG, Bulgaria; CH, Switzerland. 


Fig. 2. Reduction in A 
mobility observed in 
NUTS3 areas from 11 
February to 6 April 2020. 
(A) Reduction in mobility 
observed in each NUTS3 
administrative unit across 
Europe for the week of 21 to 
28 March 2020 compared 
with average movement 
observed from January to 
February 2020. Movement 
data were not available 

for countries in gray. 

(B) Weekly average change 
in mobility across all NUTS3 
areas. Dark blue shows 
reductions observed in the 
Google COVID-19 dataset, 
and light blue shows 
extrapolation of reductions 
by 1 week. Black line 


% reduction B 


80 40 0 


100 


75 


50 


% of baseline 


25 


Simulated | Data 


T T T T T T T T 
Oo 8) Ae) Oo OS S S 1S) 
PPK PKK LK 
ry SC SS SC SM 
er SS o* Ps a ma AS 
ey e SP LF $ S 


shows mean change compared with baseline. When implementing NPls in various NUTS3 areas, we used the movement reduction 


estimates for the end of this period, 6 April 2020. 


would voluntarily reduce their average con- 
tact rate by 20% compared to the January and 
February baseline, or slightly less than the re- 
duction in mobility observed on 23 March, 
because countries that have lifted NPIs have 
observed sustained limited mobility reduc- 
tions beyond the relaxing of various restric- 
tions (J6). 

If a country lifted its NPIs early, we found 
that a second epidemic could occur much earlier 
(Fig. 3B). Figure 3A illustrates the earlier timing 
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(in days) to reach 25% of people across Europe 
having had COVID-19 (infected + recovered + 
exposed; see fig. S13 for plot showing this ex- 
plicitly). This measure captures when uncon- 
trolled widespread transmission occurred, while 
accounting for multiple peaks and varying peak 
heights in Fig. 3B. The time to 25% infection was 
particularly sensitive to well-connected coun- 
tries that implemented strong NPIs, such as 
France and Italy (Fig. 3A). France lifting its 
NPIs early led to the earliest second epidemic, 


18 September 2020 


35 days earlier than if all countries lifted their 
NPIs simultaneously (interquartile range: 32.3 
to 36.8 days). Despite having experienced rel- 
atively low reductions in mobility through 
28 March, Germany remains important to 
continental resurgence, because of its high 
connectivity with neighboring countries (Fig. 1B). 
When exploring the epidemic curves over 
time for different countries lifting their NPIs 
early, we found that different types of mobil- 
ity initiated continental epidemics. Whereas 
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A Earlier resurgence across Europe (indays) B 
0 15 30 


- 


3 
oS 


Fig. 3. Epidemic spread if all countries but one maintain existing NPIs. 

(A and B) When lifting NPls early, countries reverted to baseline mobility on 

15 April. (B) Epidemic curves, with NPls implemented for 4, 8, or 12 weeks. Curves 
indicate the number of active cases (M, million) at any given time rather than 
numbers of new cases per day. Red lines indicate epidemic curves where all countries 
maintain NPls for the specified number of weeks. Blue lines indicate epidemic curves 


France lifting its NPIs early led to resurgence 
in major population centers across the conti- 
nent, Germany lifting its NPIs early led to re- 
surgence in neighboring countries first (fig. S15). 
Further, certain areas keeping the reproductive 
number (R) slightly above 1 under NPIs also 
led to an initial peak in some simulations and 
maintained the threat of resurgence even after 
12 weeks of continent-wide NPIs (Fig. 3B) (for 
more detail, see the supplementary materials 
section “Exploring spatiotemporal dynamics 
of spread”). Along these lines, our simulations 
included consistent reproductive numbers 
above 1 in central Turkey, which drastically af- 
fected continental spread. In simulations where 
smaller or less-connected countries lifted their 
NPIs early, we found that resurgence was 
largely driven by importation from central 
Turkey and exhibited epidemic curves very 
similar to the scenario in which all countries 
maintained NPIs (Fig. 3B, red line). 


Modeling the effect of synchronized 
intermittent NPls 


We also tested how cycling NPIs—alternating 
between being under interventions for sev- 
eral weeks and under no interventions for the 
same number of weeks for several cycles—in a 
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synchronized or unsynchronized manner af- 
fected the continent-wide epidemic. Synchro- 
nized NPIs meant all countries implemented 
lockdowns at the same time, while unsyn- 
chronized NPIs meant half of all countries 
(randomly chosen for each simulation run) 
were under lockdown at any time. Cycling NPIs 
reflect the intermittent lockdowns that could 
occur if countries reinstate interventions after 
surpassing threshold numbers of new cases 
(25, 26). Therefore, this test helps predict what 
may happen if countries do not coordinate the 
easing and reinstating of NPIs on the basis of 
regional rates of new cases. We ran various 
simulations where lockdown and nonlock- 
down periods were 3 or 4 weeks long over the 
course of two, three, or four cycles. 

Across 1200 simulations, we found that syn- 
chronized NPIs were always more likely to end 
community transmission over 6 months and 
generally lowered transmission more than un- 
synchronized NPIs did (Fig. 4). In the most 
notable example, synchronizing four cycles of 
3-week-long lockdowns led to local elimina- 
tion of COVID-19 cases in 90% of simulations, 
whereas unsynchronized cycles only led to 
elimination 5% of the time (Fig. 4, bottom 
left). Two synchronized cycles of 4-week NPIs 
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if one country ends intervention policies early (each line represents one randomly 
chosen country that ends its policies early); France, Germany, and Italy are 
highlighted. (A) For the 4-week NPI scenario, the number of days earlier that an 
uncontrolled second epidemic occurs continent-wide if each country ends NPls 
early, measured as the time to 25% of the population of Europe having had COVID- 
19. Movement data were not available for countries in gray. 


were also sufficient to end community trans- 
mission, whereas four unsynchronized cycles 
of 4-week NPIs were necessary to end com- 
munity transmission (Fig. 4, right). The only 
simulations in which unsynchronized NPIs 
resulted in fewer cases than synchronized NPIs 
at the end of simulation was with two cycles of 
3-week-long NPIs (Fig. 4, top left), which oc- 
curred because enough people were infected 
under unsynchronized NPIs that herd immu- 
nity reduced transmission. Because these sim- 
ulations do not include any importation from 
other regions of the globe, simulations reflect- 
ing zero local cases after a certain number of 
intermittent lockdowns are very unlikely 
to be realized. Instead, this result reflects 
the likelihood of reducing local cases to a low 
enough level that strong test-and-trace sys- 
tems can catch importations before large out- 
breaks occur. 

Intergovernmental organizations such as 
the World Health Organization have stressed 
the importance of international solidarity in 
terms of sharing resources and expertise in 
combating COVID-19 (J). Our results reiterate 
this, as one country ending NPIs before others 
could mean disease resurgence across Europe 
as many as 5 weeks earlier, reducing the time 
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available to expand test-and-treat and to de- 
velop new therapeutics or vaccines (Fig. 3). 
Heterogeneities in mobility reduction (Fig. 2), 
baseline mobility patterns (Fig. 1), and popula- 
tion sizes mean that certain countries—for 
example, France, Germany, Italy, and Poland— 
play a particularly important role in continental 
resurgence (Fig. 3). 

These key countries varied in how local 
cases led to continental resurgence, implying 
the need for different key interventions for each. 
For example, while spread out of Germany led 
to epidemics in neighboring countries initially, 
spread out of France led to epidemics in pop- 
ulation centers across the continent (fig. S12). 
Further, we found that small pockets of com- 
munity transmission under NPIs could assure a 
second continent-wide epidemic wave. In our 
study, a small pocket of sustained community 
transmission occurred even under NPIs, be- 
cause of central Turkey experiencing limited 
mobility reductions (Fig. 2) and exhibiting a 
high starting reproductive number (fig. S2) 
that kept local R slightly above 1 when under 
NPIs. Although the actual mobility reduction 
in central Turkey is uncertain and has likely 
changed since late March 2020, this highlights 
the importance of countries ensuring that R 
stays below 1 during lockdown periods and 
the importance of effective screening of inter- 
national travelers from areas with sustained 
transmission well into the future. 

We also found that the nature of coordina- 
tion was key to reducing resurgence risk. When 
cycling NPIs, synchronized interventions across 
all countries meant that cases could be driven 
down more quickly (Fig. 4). Fewer cases at 
the end of the synchronized lockdowns led to 
much higher likelihoods of reaching zero cases 
locally, owing to a higher chance of stochastic 
recovery processes leading to interrupted trans- 
mission. In real terms, the synchronized scenario 
approximates what could happen if countries 
set case thresholds for lifting NPIs regionally, 
whereas the unsynchronized scenario simulates 
what could happen if countries only consider 
case numbers within their own boundaries. 

Our study has several limitations that in- 
fluence the direct applicability of the case 
number predictions across Europe. For exam- 
ple, we used observed mobility reductions as 
a proxy for reductions in contact rate, which 
may not reflect reality, although the contact 
rate reduction estimates from this process 
accord with those observed in other studies 
(24). Further, COVID-19 is known to exhibit 
age-dependent severity, and contact rates are 
strongly age-dependent (27, 28), which could 
introduce heterogeneities that we did not in- 
corporate into our simulations. However, be- 
cause we ran our simulations over different 
values of R and varying the serial interval, we 
believe that our results should be robust to 
these limitations. In these sensitivity analyses, 
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Fig. 4. Cases over time, when NPls are synchronized or unsynchronized across all European 
countries. Rows vary the number of on-off cycles that occur, and columns indicate the number of 

on-off cycles implemented. For example, 4 weeks with two cycles (top right) indicates that we simulated 
two cycles of 4 weeks on lockdown, 4 weeks off lockdown for each country. Red: Cases when European 
countries do not synchronize NPI timing. Blue: Cases when European countries are all synchronized in NPI 
timing. Shaded areas indicate intervals within which 95% of the 200 simulations fell. K, thousand. 


we found that the existence of key countries 
and the importance of coordinated NPIs were 
robust to these changes (see supplementary 
materials), although varying the serial interval 
could extend or shrink the second epidemic 
timings and epidemic peaks observed in Fig. 3. 
Additionally, we reduced mobility for each 
NUTS3 area uniformly, but long-distance 
movement reduced much more than short- 
distance movement owing to country-level 
travel restrictions and other NPIs (fig. S8). 
This likely provides a continental protective 
effect against early resurgence compared with 
our results, particularly if quarantining mea- 
sures are put in place for long-distance travelers. 

Our mobility estimates may also be biased 
owing to the populations included in the 
Google and Vodafone data. Google’s consumer 
location history feature is only available for 
smartphone users, is turned off by default, 
and is viewed through the lens of differential 
privacy algorithms designed to protect user 
privacy and obscure fine detail. Vodafone’s 
anonymized and aggregated data were based 
on network data from customers who had full 
control over their privacy settings, potentially 
introducing biases as well. This work takes a 
step toward using multiple datasets to cap- 
ture population-level patterns that go beyond 
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any one service or system. Further, because both 
the Google and Vodafone data are aggregate 
datasets, we could not account for individual- 
level correlation in mobility patterns in our 
model (i.e., individuals who travel elsewhere 
but return home shortly thereafter). This likely 
means our model will overestimate spread and 
resurgence in general, as infectious people will 
end up less likely to return home. 
Coordination will be key to an effective, 
equitable response to COVID-19. This means 
not just sharing resources but also ensuring 
that exit strategies account for neighboring 
countries and regions. Although coordinat- 
ing exit strategies across an entire continent 
may prove politically difficult, the presence of 
key countries and community structure offer 
possible coordination groups that do not re- 
quire engagement from all countries. We have 
explored some of these coordination groups in 
a community detection analysis in the supple- 
mentary materials (fig. $16). Further, coordinated 
exit strategies that account for real-time case 
data will likely improve outcomes compared 
with our predictions, as we simulated inter- 
mittent NPIs that were lifted regardless of 
actual transmission context. A multifaceted, 
reactive approach to lifting NPIs will be nec- 
essary to minimize resurgence risk. This means 
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that, beyond international cooperation, robust 
test-and-treat (29) and household quarantine 
(30) measures should be in place. Future work 
will further inform the role that mobility, 
NPIs, and international coordination can play 
in slowing COVID-19 resurgence, building on 
existing work (37) examining invasion, re- 
invasion, and disease extinction (32) in spatially 
structured populations. Critically, even if com- 
munity transmission is reduced to very low 
levels within Europe (for example, through the 
intermittent NPIs shown in Fig. 4), impor- 
tation from other regions of the globe mean 
coordination will be necessary to prevent 
continent-wide epidemics well into the future. 

The implications of our study extend beyond 
Europe and COVID-19, broadly demonstrating 
the importance of communities coordinating 
the easing of various NPIs for any potential 
pandemic. In the United States, NPIs have 
been generally implemented at the state level, 
and because states will be strongly intercon- 
nected, our results emphasize national coor- 
dination of pandemic preparedness efforts 
moving forward. Elsewhere, relatively porous 
national borders between many lower and 
middle income countries mean that without 
coordination, these countries may have to 
deal with considerable international impor- 
tation after controlling local transmission (33). 
COVID-19 transmission and the transmission 
of any infectious disease will ignore national 
and provincial borders; preventing resurgence 
and spread will mean ensuring that pockets 
of transmission do not persist in areas with 
limited interventions at the expense of later 
epidemics in others. 
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STRUCTURAL BIOLOGY 


90S pre-ribosome transformation into the 


primordial 40S subunit 


Jingdong Cheng?*, Benjamin Lau2*, Giuseppe La Venuta’, Michael Ameismeier’, 
Otto Berninghausen’, Ed Hurt?+, Roland Beckmann? + 


Production of small ribosomal subunits initially requires the formation of a 90S precursor followed by an 
enigmatic process of restructuring into the primordial pre-40S subunit. We elucidate this process by 
biochemical and cryo-electron microscopy analysis of intermediates along this pathway in yeast. First, the 
remodeling RNA helicase Dhr1 engages the 90S pre-ribosome, followed by Utp24 endonuclease-driven 

RNA cleavage at site A;, thereby separating the 5'-external transcribed spacer (ETS) from 18S ribosomal RNA. 
Next, the 5'-ETS and 90S assembly factors become dislodged, but this occurs sequentially, not en bloc. 
Eventually, the primordial pre-40S emerges, still retaining some 90S factors including Dhr1, now ready to 
unwind the final small nucleolar U3-18S RNA hybrid. Our data shed light on the elusive 90S to pre-40S 
transition and clarify the principles of assembly and remodeling of large ribonucleoproteins. 


he formation of eukaryotic ribosomes 
requires transcription, processing, and 
modification of ribosomal RNA (rRNA) 
and the integration of ~80 ribosomal 
proteins. This highly complex process 
starts in the nucleolus with the transcription 
of a large rRNA precursor (35S in yeast, 47S in 
human), which contains the 18S rRNA of the 
40S small subunit and the 5.8S and 25S rRNAs 
of the 60S large subunit, separated by the in- 


ternal transcribed spacers ITS1 and ITS2 and 
flanked by the external transcribed spacers 
5'-ETS and 3’-ETS. During transcription of 
the 35S pre-rRNA by RNA polymerase I, the 
earliest stable assembly intermediate, called 
the 90S pre-ribosome or small subunit pro- 
cessome, forms. This comprises more than 
50 assembly factors, the U3 small nucleolar 
ribonucleoprotein (U3 snoRNP), the nascent 
pre-rRNA, and dozens of the small subunit 
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Fig. 1. Pre-rRNA processing and purification of 90S to pre-40S transition 
intermediates. (A) Sequence of rRNA processing events during 40S biogenesis in 
yeast with Ao, Az, Az, Ag, and D as cleavage sites on the pre-rRNA. (B) Analysis of split- 
tag (Noc4-TAP-Dhr1-Flag) affinity-purified assembly intermediates by sucrose gradient 
centrifugation, followed by SDS-polyacrylamide gel electrophoresis (PAGE) and 
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ribosomal proteins (J, 2). In the subsequent 
maturation steps, coordinated endonucleolytic 
cleavage at site A, within the 5'-ETS and at A, 
within the ITS1 is key to the separation of the 
18S rRNA and 5.8S/25S rRNA (Fig. 1A), which 
then follow independent biogenesis pathways 
[reviewed in (3-5)]. The remaining 5’-ETS is 
degraded by RNA nucleases, including the 
nuclear exosome (6, 7). 

Recently, several structures of the 90S pre- 
ribosome in stages prior to A; cleavage were 
solved by cryo-electron microscopy (cryo-EM) 
single-particle analysis from Chaetomium 
thermophilum and Saccharomyces cerevisiae 
(8-12). The four subdomains of the 18S rRNA 
(5’, central, 3’ major, and 3’ minor) were found 
to fold independently and to associate with 
their set of early ribosomal proteins of the 
small subunit (S-proteins) cotranscriptionally, 
before integrating into the 90S pre-ribosome 
(13, 14). This integration happens in a reverse 
order, in which the 3’ major and 3’ minor 
domains incorporate first, followed by the 
central and 5’ domain (75). Together with its 


1Gene Center, Department of Biochemistry, University of 
Munich, 81377 Munich, Germany. *Biochemistry Center 
(BZH), University of Heidelberg, 69120 Heidelberg, Germany. 
*These authors contributed equally to this work. 
}Corresponding author. Email: beckmann@genzentrum.|Imu.de 
(R.B.); ed.hurt@bzh.uni-heidelberg.de (E.H.) 
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Coomassie staining or Northern blotting, using the RNA probes a, b, and c to detect the 
various indicated pre-rRNA forms (23S, 21S, 20S, 5'-ETS-Ag). (C) SDS-PAGE of sucrose 
gradient fractions containing the pre-40S and 90S intermediates, with ribosome 
assembly factors identified by mass spectrometry indicated (bait proteins in red, 
factors shared by pre-40S and 90S in blue). See fig. S1B for the whole sucrose gradient. 
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numerous associated 90S assembly factors, 
which predominantly are organized in modules 
(e.g., UTP-A, UTP-B, UTP-C, U3 snoRNP, Mpp10 
complex, Bms1-Rcl1 complex, Kre33 module, 
Noc4 module, Krri1-Fafl complex), the 90S pre- 
ribosome is fully assembled and primed for 
subsequent A, cleavage (15-20). 

After this cleavage, the 90S pre-ribosome is 
transformed into a primordial pre-40S inter- 
mediate (a process hereafter referred to as 90S 
transition) by a still-elusive mechanism; only 
later pre-40S intermediates have been described 
so far (21-30). The early 90S transition was 
initially uncovered by biochemical studies of 
Enpl, a ribosome assembly factor that is present 
in both early 90S and late pre-40S intermediates 
(21). However, many additional proteins have 
since been suggested to be intimately involved 
in this transition. Candidate factors include the 
methyltransferase Dim1 (37), the KH domain 
proteins Krri and Pnol (previously called Dim2) 
(32), RNA helicase Dhr (33, 34), and the nuclear 
RNA exosome system (6). To decipher the 
mechanisms of this transition, we aimed at a 
structural analysis of 90S transition inter- 
mediates by cryo-EM. 
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Isolation of ribosome assembly intermediates 
marking the 90S to pre-40S transition 

Late 90S and early 40S pre-ribosomal inter- 
mediates were purified from S. cerevisiae using 
90S assembly factors Noc4 and Dhr' as baits in 
split-tag affinity purifications. Dhrl was chosen 
because this RNA helicase regulates A, cleavage 
and eventually dissociates distinct hetero- 
duplexes between U3 and pre-18S rRNA (35, 36). 
Subsequent separation of these preparations 
on asucrose gradient yielded 90S and smaller 
unusual pre-40S intermediates, which contained 
not only classical pre-40S factors (e.g., Rrp12, 
Enp1, Dim], Pnol) (27), but also Dhr1 and factors 
so far only assigned to 90S complexes (e.g., 
Bmsl, Rell, Utp14, Sas10, Mpp10, and Imp4; 
Fig. 1, B and C, fig. S1, and data S1). After 
finding Dim1 enriched in this unusual pre-40S 
fraction (data S1; see also Fig. 1C), we used it 
together with Dhr1 in another split-tag affinity 
purification to enrich further intermediates of 
the 90S transition (fig. SIC). 

Northern blotting of the Noc4-Dhr1 purifi- 
cation revealed that the 90S fraction contains 
the 5'-ETS-A, fragment, which is also typical 
for other 90S preparations [e.g., Enp1-FTpA, 
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Utp22-FTpA, or Pwp2-FTpA (8)]. It also contains 
23S pre-rRNA (cleavage fragment 5’ end-A3) 
and 21S pre-rRNA (A,-A; fragment), which to- 
gether are indicative of both pre-A, and post- 
A, cleavage states. In contrast, the unusual 
pre-40S fraction exhibited the strong presence 
of 20S pre-rRNA (A,-A, fragment), which sug- 
gests that this intermediate completed both A; 
and A, processing. Both the 90S and 40S frac- 
tions contained the U3 snoRNA (Fig. 1, A and B). 


Cryo-EM structures revealing the 90S to 
pre-40S transition 


After 3D classification, cryo-EM of the Noc4- 
Dhr1 and Dhr1-Dim1 samples revealed seven 
well-defined and distinct classes of pre-ribosomal 
particles, which were put in a temporal order 
covering the 90S transition (Fig. 2). Four of these 
states (called B2, Pre-A,, Post-A,, and Dis-C) 
were resolved at average resolution between 
3.5 and 3.8 A, allowing us to build and refine 
complete models. The other three states (A, 
Dis-A, and Dis-B) displayed average resolution 
between 4.4 and 7.1 A, permitting rigid-body 
docking of molecular models (Fig. 2, figs. S2 to 
S6, and table S1). 
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Fig. 2. Cryo-EM analysis of 90S to pre-40S transition intermediates. Cryo- 
EM maps (top) and molecular models (middle) of distinct states of yeast 90S to 
pre-40S transition observed after split-tag affinity purification using Noc4-Dhr1 (all 
states) and Dhr1-Diml (states B2, Post-Ay, Dis-A, Dis-B, Dis-C) are shown. Assembly 
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factors and modules are labeled and compositional changes indicated. Bottom: 
Depiction of pre-18S rRNA density using 90S views with corresponding rRNA 
secondary structures; 40S views are shown in boxes (color code: magenta, 5' 
domain; orange, central domain; cyan, 3' major domain; green, 3' minor domain). 
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Post-A, 


Fig. 3. Conformational, positional, and compositional changes upon Al 
cleavage. (A and B) Dismantling of 5'-ETS RNA helices (yellow) from Pre-A; (A) 
and Post-A; (B) is shown with interacting U3 snoRNA (green) in transparent 90S 
density. The secondary structure of the 5'-ETS RNA is shown with observed helices 
in yellow and the dislodged helices in gray. (C and D) Volume representation of 
Utp20, the Kre33 module, and the 5’ and central domains of the 18S pre-RNA 
highlights the compaction from state Pre-A; (C) to Post-A; (D). Dashed lines indicate 
the movement of Utp20. (E and F) Model of the hl region of the 18S pre-rRNA 
aligned at Utp24 shown before (E) and after (F) Ay cleavage. The catalytic center 

of Utp24 and the A; cleavage site are indicated by dashed circles. (G) Differences in 
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the 18S central domain region are highlighted in states Pre-A; and Post-A,. (H) Ribbon 
representation of the platform region in state Post-A;. Nucleotides 1021 to 1025 of 
the 18S rRNA are shown in magenta. (I) Model of Dim1 bound to its substrate 
adenosine 1782 of the pre-18S in state Post-A;. (J) Model of Pnol in state Post-A; with 
the 3' end of the 18S pre-rRNA and interacting segments of Mpp10, Utp7, Utp14, 
and Utp21. (K and L) Models of yeast and human Pnol bound to Utp14 (K) and NOB1 
{(L), PDB ID 6G18], respectively, highlight overlapping interaction sites. Key residues 
are shown as sticks. (M) Ribbon representation showing the interaction of Dhr1 

with Utp21 and Utp13 in state Post-A;. Amino acid abbreviations: F, Phe; |, lle; K, Lys; 
L, Leu; M, Met; Q, Gln; R, Arg; S, Ser; T, Thr; W, Trp; Y, Tyr. 
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Fig. 4. Successive shedding of factors during transition from 90S to 
factor modules during transition from state Post-A, to state Dis-C. Protei 
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primordial pre-40S. EM densities reveal the shedding process of major 90S assembly 
ns, modules, and the U3 snoRNP are colored and labeled accordingly. The last remaining 


helices of the 5'-ETS (H1, H2) and Dhr1 are shown in yellow. A local resolution-filtered map of Dhrl was used in state Dis-C. The color-coded 18S pre-rRNA 


and the dismantled modules are shown below. 


The first two particles in this series, states A 
and B2, closely resemble previously described 
90S assembly intermediates, with a noncleaved 
A, site as a characteristic feature (Fig. 2 and fig. 
S6) (8, 17, 12, 15). In the next state, Pre-A,, which 
is the last state preceding A, processing, we 
observed the integration of helix 21 (h21) of 
the pre-18S rRNA at its mature position (Fig. 
2 and fig. S6). Subsequently and concomitant 
with cleavage at site Ay, major structural changes 
lead to the Post-A, intermediate. Specifically, 
Pnol, together with h45 of the 18S rRNA, 
replaces the Krr1-Fafl complex, bringing h45 
from a peripheral to an integrated mature 
position. Furthermore, the remodeling heli- 
case Dhr1 is observed for the first time in this 
post-A, state intermediate, positioned at the 
site vacated by Pnol (Fig. 2 and fig. S6). 

The succeeding group of intermediates com- 
prises states Dis-A, Dis-B, and Dis-C (where 
Dis stands for dissociation), which represent 
the actual 90S to pre-40S transition intermediate 
states. Unexpectedly, the canonical pre-40S is 
not released as a whole entity after A, cleavage 
by leaving a presumed 5’-ETS particle behind. 
Instead, several prominent 90S assembly factor 
modules dissociate one after the other, leading 
to a progressive simplification of these com- 
plexes (Fig. 2 and fig. S6). The last state of this 
series, Dis-C, after ultimately losing the con- 
spicuous UTP-B module, resembles a 40S shape 
for the first time, clearly displaying the 5’, cen- 
tral (platform), and flexible and immature 3’ 
major and 3’ minor domains. Here, the char- 
acteristic h44 of the 3’ minor domain, which 
in preceding states is held in a defined im- 
mature position by UTP-B and UTP-C, is mostly 
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delocalized. This is because the immature 
conformation is no longer stabilized by the 
90S modules, and the mature position is still 
masked by the Bms1-Rcl1 complex (Fig. 2 and 
fig. S6). 


Conformational changes and mechanism of 
A, cleavage 


In contrast to the expected en bloc release of 
a 5'-ETS particle upon A, cleavage (4, 7, 8, 37), 
we observed that the 5'-ETS RNA becomes 
increasingly disordered during a stepwise 90S 
transition. Helix H9 at the 3’ end of the 5'-ETS 
is the first to become detached from Utp20 
(fig. S7, A to F). Next, after A, cleavage, other 
prominent 5'-ETS helices (H3 to H8) disap- 
pear, leaving behind empty cavities in this part 
of the 90S intermediate (Fig. 3A and fig. S7, A 
to C). Only the first two helices, H1 and H2, 
and two distinct internal 5’-ETS segments that 
form short heteroduplexes with the 3’ hinge 
and 5’ hinge of U3 snoRNA remain in posi- 
tion (Fig. 3B and figs. S4 and S7C). The cause 
for the increased structural freedom or par- 
tial degradation of the 5’-ETS is not clear. 
Notably, despite the dismantling of the 5'-ETS 
RNA, the overall shape and composition of 
this 90S intermediate remained largely un- 
changed at first. 

Nonetheless, during this 90S transition, a 
clear structural compaction was observed. 
Initially, in state B2, the C terminus of Utp20 
exhibits a superhelical HEAT repeat structure 
that wraps around the rRNA expansion seg- 
ment ES6c (fig. S7D). Then, after transition to 
the Pre-A, state, the Utp20 superhelix adopts a 
more closed conformation (changing from a 
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“C” to an “O” shape), caused by the movement 
of the immature 5’ domain toward the central 
domain. As a consequence, binding of Lep5 
and H9 to Utp20 is disrupted, allowing h21 
(ES6d) to enter this previously occupied site 
(fig. S7, E and F). Similar to Utp20, the prom- 
inent Kre33 module also moves with the 5’ 
domain during this transition; however, the 
Kre33 module finally dissociates when the 
intermediate reaches the Post-A, state (Fig. 3, C 
and D, and fig. S7, G to I). This brings the 5’ 
domain even closer to the central domain 
(fig. S7H), and when state Post-A, is reached, 
the 5’ and central domains eventually interact 
and adopt a mature-like conformation (Fig. 
3D and fig. S71). 

This apparent domain compaction—together 
with the 5'-ETS RNA remodeling, which takes 
place during the first steps of 90S transition— 
results in a conformational state sufficiently 
dynamic to facilitate A; processing: The state 
Pre-A, shows the noncleaved A; site ~50 A away 
from the catalytic center of the PIN domain 
endonuclease Utp24, which was suggested to 
carry out this cut (Fig. 3E) (38-41). The Post-Ay 
state reveals the formation of a short RNA stem- 
loop (hi) at the 5’ end of the mature 18S rRNA. 
The initial formation of this helix may have 
triggered endonucleolytic cleavage, because 
it results in repositioning the A, site close to 
the catalytic center of the Utp24 endonuclease 
(Fig. 3F). Consistent with this interpretation, 
at the base of the newly formed h1 we can re- 
trace the RNA sequence until the third nucleo- 
tide (uridine 3) of the cleaved and mature 5’ 
end of 18S rRNA. Such a sequence-independent 
but h1 stem-loop-dependent mechanism for 
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A, cleavage, requiring an arbitrary three- 
nucleotide spacer relative to the h1 base, has 
been predicted by genetic studies from the 
Tollervey lab (42). Unexpectedly, A, cleav- 
age does not require unwinding of the Box A 
and Box A’ heteroduplexes formed by pre-18S 
rRNA and U3 snoRNA, the latter two being 
retained in the Post-A, state (Fig. 3F). To- 
gether, the data show that A, cleavage is ini- 
tiated by remodeling and relocation of the 
pre-18S rRNA substrate rather than by move- 
ment of the endonuclease Utp24 toward the 
A, cleavage site. 


A, cleavage coupled to Pnol and 
90S remodeling 


A series of additional remodeling events can 
be observed when comparing the Pre-A, and 
Post-A, states, which includes the release of 
the Krri-Fafl complex and its replacement 
by the relocated Pnol and h45 (Fig. 3, G and 
H, and fig. S8). With the translocation of Pnol 
and the associated h45, the RNA platform 
region adopts a mature-like conformation, 
typically seen in both yeast and human later 
cytoplasmic pre-40S intermediates (26, 28, 29). 
This results in the formation of rRNA helices 
h19 and h25 (Fig. 3H), and, as a consequence, 


A Post A, J. - 
! ~ jae. 


ao 


Fig. 5. Differential interaction of Dhr1 during 90S transition. (A and 

B) Locations of N and C termini (N-ter and C-ter) of Dhrl in states Post-A; (A) 
and Dis-C (B). (€ and D) Ribbon representation of the N-terminal helices 

of Dhrl. The first helix (yellow) binds to the h13 region of the 5' domain (C), 
and the second one interacts with Box A’ duplex and Dim] in all states 

after Pre-A; (D). (E) Model of the C-terminal domain of Dhr1 binding to the interface 
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a new interface is formed and stabilized by 
the newly recruited methyltransferase Dim1 
(Fig. 31, fig. S9, and supplementary text), 
thereby rendering these rearrangements 
irreversible. 

The binding mode of Pnol to h45 differs 
between the Pre-A, and Post-A, states (Fig. 3J 
and fig. S8B). Relocation of h45 relative to 
Pnol is stabilized by the long C-terminal a 
helix of Utp7, which previously was bound to 
H7 of the 5'-ETS before its dismantling (Fig. 3J 
and fig. S8C). The interaction of Utp14 with 
Pnol prevents premature recruitment of the 
endonuclease Nobl, which later catalyzes the 
last processing step of the pre-18S rRNA at site 
D (Fig. 3, K and L) (28). Finally, by relocating 
to the central platform, Pnol and its clamped 
h45 dissociate from Utp21 and Utp13 of the 
UTP-B module (fig. S8B), allowing for the first 
time the recruitment of the RNA helicase Dhr1 
to the 90S via a two-site contact to Utp21 and 
Utp13 (see below and Fig. 3M). 


Successive factor shedding during 90S 
transition to primordial pre-40S 


Following the formation of state Post-A,, the 
dismantled 5'-ETS allows for a cascade of 
structural and compositional changes that re- 


sult in a stepwise reduction of the 90S complex 
(Fig. 4). First, the Sofl module (Utp7, Utp14, 
and Sofl) is released together with Utp6 from 
its binding site close to the former helix H9 at 
the 3’ region of the 5’-ETS, resulting in the 
state Dis-A. Then, in the second step, the UTP-A 
complex dissociates together with Utp18 and 
all protein components of the U3 snoRNP, 
leading to state Dis-B. In the last transition 
step from Dis-B to Dis-C, the core of the UTP-B 
complex and the remains of UTP-C are re- 
leased. Also, the 5'-ETS, which served as RNA 
scaffold for all binding modules (UTP-A, UTP-B, 
UTP-C, and Imp3), is no longer detectable in 
this final intermediate. Of the U3 snoRNP, only 
a short segment of its RNA remains localized 
in states Dis-B and Dis-C, in particular the 
heteroduplexes with 18S rRNA; the rest be- 
comes detached from these intermediates 
(Figs. 1B and 4). Interestingly, the domains 
of the pre-40S undergo rather limited mat- 
uration rearrangements during this shedding 
phase. Only rRNA expansion segments ES3a, 
ES3b, and ES6a to ES6d on the solvent side 
of the subunit adopt mature conformations, 
whereas the rest of the domains remain es- 
sentially unchanged (see boxes in Fig. 4 and 
fig. SIA). 


24, Ia 
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formed by Utp14, Pnol, h26, and the 3' end of the 18S rRNA in state Dis-C. 

(F) Density revealing that near the Box A duplex, U3 snoRNA directly connects to 
Dhr1. Dhrl density is shown in orange; U3 snoRNA density is shown in green. (G and 
H) Model of Dhr1 in states Post-A; (G) and Dis-C (H), showing two different 
conformations. Dhr1 is colored from blue to red and yellow. Pnol and the U3 snoRNA 
are highlighted in red and green, respectively. 
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Sidomain “Central 


snoRNA 


UTP-B UTP-C 90S view 
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90S to pre-40S transition 


Fig. 6. Scheme of the 90S to pre-40S transition upon A, cleavage. Cartoons depict the shedding-like transition from a 90S to a primordial pre-40S ribosome. 
ored and labeled accordingly. The helicase Dhr1 is shown as a grabbing hand, representing the open and closed 


Assembly factor modules and selected proteins are co 
conformations. 


Although this successive shedding of large 
protein modules is the distinct hallmark of 
the 90S transition, several structural changes 
occur in addition. First, Dhrl moves from its 
previous UTP-B binding site (Fig. 3M) toward 
Box A in state Dis-C, thereby bringing the 
helicase into an ideal position to dismantle 
the last remaining U3::18S rRNA hybrid on 
the intermediate (fig. S10, B and C). Concom- 
itantly, the Utp24 endonuclease becomes de- 
tectable again in this state, where it occupies 
the binding site for the uS5 ribosomal protein. 
Moreover, Utp14, previously bound to Utp6 and 
helix H9 of the 5’ETS, relocates to a new po- 
sition in state Dis-C, where it binds Pnol and 
Dhrl via four a helices (fig. S10, D to F). No- 
tably, two arginine residues of Utp14 inhibit 
the endonuclease activity of Utp24 by coor- 
dinating active-site residues, thus allowing 
Utp24 to serve as an endonuclease-inactive 
placeholder (fig. S10, G to I). 


Sequential Dhr1 helicase function during the 
90S to pre-40S transition 


Finally, the Dis-C intermediate sheds light on 
the diverse functioning of the Dhri helicase 
during the 90S transition by showing how it 
is primed to remove the U3 snoRNA from its 
last contact point to the 18S rRNA, Box A. From 
state Post-A, to state Dis-C, Dhrl is tethered to 
the assembly intermediates via two invariant 
N-terminal helices: one that interacts with 
rRNA helix h13 at a site that is later occupied 
by Tsr1 (Fig. 5, A to C, and fig. S11, A and B) 
(26, 28, 29), and another that binds to the 
methyltransferase Dim] (Fig. 5D and fig. SOB). 
The catalytic C-terminal domain, however, binds 
distantly from its N-terminal anchor region (Fig. 
5, A and B, and fig. S11A). From state Post-A, to 
state Dis-B, this globular part is bound to Utp13 
and Utp21, which is mediated by a f barrel- 
like domain of Dhri (fig. S11C). In state Dis- 
C, however, after dissociation of Utp21, Dhr1 
relocates to the Box A and hi region, close to 
its U3 snoRNA substrate. Here, its § barrel-like 
domain is bound to the interface formed by 
Utp14, Pnol, and the 3’ region of the pre-18S 
rRNA (Fig. 5, E and F). The observed inter- 
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play between Utp14 and Dhr1 highlights the 
importance of Utp14 for the recruitment and 
relocation of Dhr1 during the 90S transition 
(36, 43-45). 

In our ensemble of 90S transition structures, 
Dhri was observed in two distinct conforma- 
tions. First, between states Post-A, and Dis-B, 
Dhr1 was in a conformation with an open RNA 
binding tunnel. Here, the N terminus of Pnol 
prevents substrate binding and closing of the 
catalytic domain (Fig. 5G). This suggests that 
Dhr1 is bound to the 90S pre-ribosome in an 
adenosine diphosphate-bound, open confor- 
mation after A, cleavage (fig. S1ID). After the 
transition to state Dis-C and relocation of Dhr1 
toward the Box A duplex, however, the helicase 
domain engages a segment of the U3 snoRNA 
as substrate (Fig. 5F). Furthermore, Dhri ap- 
pears now in a closed conformation, resem- 
bling the adenosine triphosphate (ATP)-free 
form of previously reported RNA-bound DHX37, 
the human homolog of Dhri (Fig. 5H and fig. 
SIIE) (78). We conclude from these data that 
after the transition from state Dis-B to state 
Dis-C, Dhr1 is in a closed apo-state, awaiting 
ATP binding, and through successive cycles of 
ATP hydrolysis could exert its pulling force to 
completely expel the U3 snoRNA from this 
primordial pre-40S intermediate. 


Discussion 


Our work shows how the huge 90S pre-ribosome 
transforms into its next major biogenesis 
intermediate, the primordial pre-40S, by large 
structural rearrangements, including the suc- 
cessive shedding of assembly factor modules. 
Several findings support the notion that the 
observed transition states Dis-A to Dis-C are of 
physiological relevance and are not merely the 
products of random disintegration. First, suc- 
cessive maturation of rRNA expansion segments 
occurs between the states: In the post-A1 state, 
the expansion segments ES3a, ES3b, ES6a, 
ES6b, ES6c, and ES6d are still in an immature 
conformation (even with immature base pairing 
in ES6). In the Dis-A state, ES3b and ES6 adopt 
their mature conformation, even including the 
kissing loop formed between ES3b and ES6a. 
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When further progressing to Dis-B and Dis-C, 
ES3a was also observed to adopt the mature 
conformation. Second, from Dis-A to Dis-B, the 
90S pre-ribosome incorporated ribosomal pro- 
tein in its mature position. Third, in all the 
states until Dis-B, Dhr1 was present in an in- 
active conformation. Only after reaching the 
Dis-C state and UTP-B dissociation was Dhr1 
captured in an active state, interacting with 
the U3 snoRNA. Fourth, Utp14 had already 
engaged in the pre-A1 stage but was also present 
in the Dis-C state, yet adopted different and 
highly defined positions. Taken together, all 
these findings are difficult to reconcile with the 
notion of randomly disintegrating particles. 

Our structures may also provide insight into 
the coordination of pre-RNA processing at sites 
A, and Ay, which is assumed to be performed 
by the same Utp24 endonuclease (38-40). 
After site A, cleavage, Utp24 is dislodged in 
state Dis-B while still tethered to the pre- 
ribosome. During this phase, Utp24 could access 
the second cleavage site A, in the flexible ITS1 
to finally generate the 20S pre-rRNA, the pre- 
dominant species in Dis-C. 

Our findings do not support the current view 
of a sudden release of a 5'-ETS particle and 
its associated principal modules UTP-A, UTP-B, 
and U3 snoRNP during the 90S to pre-40S 
transition. It was previously shown that 5'-ETS 
particles can, in principle, exist on their own— 
for example, by inhibiting the exosome in 
combination with a Utp18 mutation (8) or 
during arrest of 90S assembly using 3’-truncated 
pre-rRNA (13, 14, 37). Here we show, however, 
that contrary to the implications of earlier 
research, the 5'-ETS and its associated principal 
modules are not released simultaneously upon 
A, cleavage, but rather in a sequential and step- 
wise shedding process. This mechanism for the 
90S transition appears to be the more plausible, 
because it is difficult to imagine how segrega- 
tion of an entire 5’-ETS particle can be induced 
by a single A, cut, in light of the highly inter- 
connected nature of the 90S structure. 

The initial trigger for the 90S to pre-40S 
transition is still unknown. We suggest that 
the decisive step in dismantling the 90S 
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intermediate depends on an advanced state of 
the pre-40S domain maturation as reflected by 
the degree of its compaction. Sufficient com- 
paction may trigger the gradual decons- 
truction of the 5'-ETS scaffold, as previously 
observed in several states preceding A, cleav- 
age (15). This assumption is in agreement with 
the earlier observation that A, cleavage is de- 
pendent on the presence of the helicase Mtr4 
as a potential 5'-ETS remodeler (12). Succes- 
sive dislocation of the RNA helices starting 
at the 3’ region of the 5’-ETS then could allow 
for the relocation of Pnol and h45 and, con- 
comitantly, the recruitment and engagement 
of the helicase Dhri. Dhr1 in turn may faci- 
litate the partial formation of rRNA helix h1, 
which results in the cleavage at the A, site. This 
coincides with the dissociation of several fac- 
tors and further destabilization of the 90S 
intermediate by 5'-ETS dismantling, eventually 
causing the sequential release of modules until 
the primordial pre-40S has emerged (Fig. 6). 

Defects in ribosome biogenesis can have 
drastic consequences for human health as 
ribosomopathies (46). Therefore, gaining more 
mechanistic insights into this elaborate mat- 
uration process and its integration into cell- 
ular signaling pathways is desirable. 


REFERENCES AND NOTES 


1. F. Dragon et al., Nature 417, 967-970 (2002). 
2. P. Grandi et al., Mol. Cell 10, 105-115 (2002). 
3. J.L. Woolford Jr, S. J. Baserga, Genetics 195, 643-681 


(2013). 

4. J. BaBler, E. Hurt, Annu. Rev. Biochem. 88, 281-306 
(2019). 

5. S. Klinge, J. L. Woolford Jr., Nat. Rev. Mol. Cell Biol. 20, 116-131 
(2019). 


6. J. de la Cruz, D. Kressler, D. Tollervey, P. Linder, EMBO J. 17, 

128-1140 (1998). 

7. M. Thoms et al., Cell 162, 1029-1038 (2015). 

M. Kornprobst et al., Cell 166, 380-393 (2016). 

9, J. Barandun et al., Nat. Struct. Mol. Biol. 24, 944-953 
(2017). 


go 


Cheng et al., Science 369, 1470-1476 (2020) 


oO 


oO hm 


a 


co 


© 


20. 


nN 
ite 


w 
ie 


w 
mp 


w 
ioe 


39. 


40. 


. M. Chaker-Margot, J. Barandun, M. Hunziker, S. Klinge, Science 


355, eaall880 (2017). 


. J. Cheng, N. Kellner, O. Berninghausen, E. Hurt, R. Beckmann, 


Nat. Struct. Mol. Biol. 24, 954-964 (2017). 


. Q. Sun et al., eLife 6, e22086 (2017). 
. M. Chaker-Margot, M. Hunziker, J. Barandun, B. D. Dill, 


S. Klinge, Nat. Struct. Mol. Biol. 22, 920-923 (2015). 


. L. Zhang, C. Wu, G. Cai, S. Chen, K. Ye, Genes Dev. 30, 


718-732 (2016). 


. J. Cheng et al., Mol. Cell 75, 1256-1269.e7 (2019). 
. T. Wegierski, E. Billy, F. Nasr, W. Filipowicz, RNA 7, 1254-1267 


(2001). 


. S. Granneman et al., Nucleic Acids Res. 31, 1877-1887 


(2003). 


. N. J. Krogan et al., Mol. Cell 13, 225-239 (2004). 
. J. Pérez-Fernandez, A. Roman, J. De Las Rivas, X. R. Bustelo, 


M. Dosil, Mol. Cell. Biol. 27, 5414-5429 (2007). 
J. Pérez-Fernandez, P. Martin-Marcos, M. Dosil, Nucleic Acids Res. 
39, 8105-8121 (2011). 


. T. Schafer, D. Strauss, E. Petfalski, D. Tollervey, E. Hurt, EMBO J. 


22, 1370-1380 (2003). 


. T. Schafer et al., Nature 441, 651-655 (2006). 
. B. S. Strunk et al., Science 333, 1449-1453 (2011). 


E. Wyler et al., RNA 17, 189-200 (2011). 


. N. Larburu et al., Nucleic Acids Res. 44, 8465-8478 


(2016). 


. A. Heuer et al., eLife 6, e30189 (2017). 
. M. C. Johnson, H. Ghalei, K. A. Doxtader, K. Karbstein, 


M. E. Stroupe, Structure 25, 329-340 (2017). 


. M. Ameismeier, J. Cheng, 0. Berninghausen, R. Beckmann, 


Nature 558, 249-253 (2018). 


. A. Scaiola et al., EMBO J. 37, e98499 (2018). 


V. Mitterer et al., Nat. Commun. 10, 2754 (2019). 


. D. Lafontaine, J. Vandenhaute, D. Tollervey, Genes Dev. 9, 


2470-2481 (1995). 


. M. Sturm, J. Cheng, J. BaBler, R. Beckmann, E. Hurt, Nat. Commun. 


8, 2213 (2017). 


. A. Colley, J. D. Beggs, D. Tollervey, D. L. Lafontaine, Mol. Cell. 


Biol. 20, 7238-7246 (2000). 


. R. Sardana, J. Zhu, M. Gill, A. W. Johnson, Mol. Cell. Biol. 34, 


2208-2220 (2014). 


. R. Sardana et al., PLOS Biol. 13, e1002083 (2015). 
. J. Zhu, X. Liu, M. Anjos, C. C. Correll, A. W. Johnson, Mol. Cell. Biol. 


36, 965-978 (2016). 


. M. Hunziker et al., eLife 8, e45185 (2019). 
. F. Bleichert, S. Granneman, Y. N. Osheim, A. L. Beyer, 


S. J. Baserga, Proc. Natl. Acad. Sci. U.S.A. 103, 9464-9469 
(2006). 

R. Tomecki, A. Labno, K. Drazkowska, D. Cysewski, 

A. Dziembowski, RNA Biol. 12, 1010-1029 (2015). 

G. R. Wells et al., Nucleic Acids Res. 44, 5399-5409 
(2016). 


18 September 2020 


41. W. An, Y. Du, K. Ye, PLOS ONE 13, 0195723 (2018). 

42. K. Sharma, D. Tollervey, Mol. Cell. Biol. 19, 6012-6019 
(1999). 

43. J. J. Black, Z. Wang, L. M. Goering, A. W. Johnson, RNA 24, 
1214-1228 (2018). 

44. F. M. Boneberg et al., RNA 25, 685-701 (2019). 

45. A. Roychowdhury et al., Nucleic Acids Res. 47, 7548-7563 
(2019). 

46. A. Narla, B. L. Ebert, Blood 115, 3196-3205 (2010). 


ACKNOWLEDGMENTS 


We thank H. Sieber, C. Ungewickell, and S. Rieder for technical 
support. Funding: Supported by DFG grant HU363/12-1 

and ERC grant ADG 741781 GLOWSOME (E.H.) and by DFG 
grant BE 1814/15-1 (R.B.). Author contributions: J.C., B.L., 
G.L.V., E.H., and R.B. designed the study; B.L. prepared 

and characterized the Noc4-Dhr1 and Dhr1-Dim1 samples for 
cryo-EM; G.L.V. performed the Northern blot analysis; 0.B. 
performed the cryo-EM data collection; J.C. processed the 
cryo-EM data and built and refined the models; J.C. and 

R.B. analyzed and interpreted the structures; J.C., B.L., R.B., 
and E.H. wrote the manuscript; M.A. contributed to manuscript 
writing and figure making; and all authors commented on the 
manuscript. Competing interests: The authors declare no 
competing interests. Data and materials availability: All 
cryo-EM maps and molecular models have been deposited in 
the Electron Microscopy Data Bank with accession IDs EMD- 
11357 (state A), EMD-11358 (state B2), EMD-11359 (state 
pre-A;), EMD-11360 (state post-A;), EMD-11361 (state Dis-A), 
EMD-11362 (state Dis-B), and EMD-11363 (state Dis-C) 

and in the Protein Data Bank (PDB) with accession codes 
6ZQA (state A), 6ZQB (state B2), 6ZQC (state pre-Al), 

6ZQD (state post-Al), 6ZQE (state Dis-A), 6ZQF (state Dis-B), 
and 6ZQG (state Dis-C). All other data are in the main 

text or supplementary materials. Materials are available 

upon request. 


3 


SUPPLEMENTARY MATERIALS 
science.sciencemag.org/content/369/6510/1470/suppl/DC1 
Materials and Methods 

Supplementary Text 

Figs. Sl to S11 

Table S1 

References (47-66) 

Data S1 

Movie S1 

MDAR Reproducibility Checklist 


View/request a protocol for this paper from Bio-protocol. 


21 February 2020; accepted 10 July 2020 
10.1126/science.abb4119 


7 of 7 


RESEARCH 


STRUCTURAL BIOLOGY 


Cryo-EM structure of 90S small ribosomal subunit 
precursors in transition states 


Yifei Du’, Weidong An’, Xing Zhu’, Qi Sun’, Jia Qi???, Keqiong Ye'*+ 


The 90S preribosome is a large, early assembly intermediate of small ribosomal subunits that undergoes 
structural changes to give a pre-40S ribosome. Here, we gained insight into this transition by 
determining cryo-electron microscopy structures of Saccharomyces cerevisiae intermediates in the path 
from the 90S to the pre-40S. The full transition is blocked by deletion of RNA helicase Dhrl. A series 
of structural snapshots revealed that the excised 5’ external transcribed spacer (5' ETS) is degraded 
within 90S, driving stepwise disassembly of assembly factors and ribosome maturation. The nuclear 
exosome, an RNA degradation machine, docks on the 90S through helicase Mtr4 and is primed to digest 
the 3’ end of the 5’ ETS. The structures resolved between 3.2- and 8.6-angstrom resolution reveal key 
intermediates and the critical role of 5' ETS degradation in 90S progression. 


ibosomes, large RNA-protein complexes 

composed of a 40S small subunit (SSU) 

and a 60S large subunit, are responsible 

for protein synthesis. Assembly of eu- 

karyotic ribosomes is a complicated and 
dynamic process that involves many preribo- 
somal assembly intermediates (7-3). More than 
200 trans-acting assembly factors (AFs) and 
many small nucleolar RNAs (snoRNAs) func- 
tion in modification and processing of ribo- 
somal RNA (rRNA) and assembly of ribosomal 
proteins (RPs). 

The SSU is composed of an 18S rRNA and 
33 RPs in the yeast Saccharomyces cerevisiae. 
The 90S preribosome (the SSU processome) 
is the earliest assembly intermediate of the 
SSU (4, 5) and forms cotranscriptionally on 
the 5’ region of a nascent pre-rRNA transcript 
containing the 5’ external transcribed spacer 
(5' ETS), the 18S rRNA sequence, and the in- 
ternal transcribed spacer 1 (ITS1) (6-8). The 5’ 
ETS initiates the assembly of 90S by recruiting 
a large number of AFs, including the large 
UTPA, UTPB, and U3 snoRNP complexes. After 
the assembly of 18S rRNA and release of labile 
factors, the 90S is compacted into a large struc- 
ture comprising pre-rRNA, U3 snoRNA, ~50 AFs, 
and ~20 RPs. After the AO and AI sites of the 
5' ETS and the A2 site of ITS1 are sequentially 
cleaved, the 90S is converted into a pre-40S 
particle that is rapidly exported to the cyto- 
plasm for final maturation (Fig. 1A). 
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Several cryo-electron microscopy (cryo-EM) 
structures have been determined for the 90S 
of S. cerevisiae and Chaetomium thermophilum 
before Al site cleavage (9-15). In the 90S 
structure, the 5’, central, 3’ major, and 3’ minor 
domains of 18S rRNA are partially assembled 
and not yet packed. By contrast, the pre-40S 
that contains a 20S pre-rRNA without the 
5' ETS, 31 RPs, and a few AFs has established 
the global architecture of mature SSUs (J6-18). 
No intermediate states between 90S and pre- 
40S have been structurally analyzed, so how 
the transition occurs is not known. The cleaved 
5'ETS fragment was proposed to be released 
together with associated factors during the tran- 
sition (9). By cryo-EM analysis of 90S transition 
states, we show that the 5’ ETS is degraded 
within the 908, which further triggers AF release 
and maturation of the ribosome. 

Several RNA helicases are required for ri- 
bosome assembly, potentially driving key struc- 
tural reorganization of preribosomes (19). To 
stall the assembly of the SSU, we depleted the 
essential RNA helicase Dhr1, which acts after 
AO cleavage (20, 27), and purified the SSU pre- 
ribosomes from S. cerevisiae by Enp1, which is 
present in both 90S and pre-40S ribosomes 
(22) and should capture all transition states. 
Three states were previously determined at 8- 
to 9-A resolution by cryo-EM. State 1, repre- 
senting a fully assembled 90S, was described 
previously (13). To improve the structures, 
18,028 images were collected in a Titan Krios 
300-kV electron microscope with a K2 Summit 
camera (fig. S1, A and B, and table $1). Three- 
dimensional (3D) classification of 382,298 par- 
ticles yielded seven distinct states, designated 
as A to E, Al, and Cl (Fig. 1B and fig. SIC). 
Local density was further improved with fo- 
cused classification and refinement (fig. SID). 
States A and D were reconstructed at 3.2- and 
3.8-A resolution, respectively, and the other 
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states were determined to 4- to 8.6-A resolu- 
tion (figs. S2 to S4 and data S1). 

In all of these structures, the A1 site of pre- 
rRNA is intact and the AO site is not visible. 
The AO site should have been mostly pro- 
cessed in Dhri-depleted 90S (13). States A to E 
can be ordered chronologically because struc- 
tural changes occurring in one state are pre- 
served in its following states, and the 5’ ETS 
density is increasingly reduced in these states. 
State Al is similar to state A but adopts an 
open conformation at the central domain, as 
shown in the 90S from starved yeast cells and 
state a/b of C. thermophilum 90S (10, 14). State 
C1 completely lacks the central domain and its 
surrounding structures and is likely a degra- 
dation product of state C. 

State A resembles the previously described 
state 1 and represents a fully assembled 90S (13). 
The 5’ ETS and its associated factors consti- 
tute the bulk of the structural core. The 5’ and 
central domains of 18S rRNA with bound RPs 
and AFs form two bulky projections on the top, 
and the 3’ major domain is bound at the center 
of the structural core (Fig. 1B and fig. S4). 

The 5’ ETS RNA folds into 10 helices (H1 to 
H10) and forms two intermolecular helices 
(Ha and Hb) with U3 snoRNA. The density of 
the 5’ ETS is gradually and unevenly reduced 
in states B to E (Figs. 2, A to F, and 3A). The 
5' ETS should be degraded, rather than adopt- 
ing a relaxed conformation, because its level 
was greatly reduced in Dhr1-depleted 90S 
compared with wild-type 90S (13). The H2 to 
H4 and H6 and H7 regions show almost no 
density in state D, whereas the H1, Ha to H5, 
and Hb to H9 regions still retain 60 to 90% of 
their original densities and appear to be more 
resistant to degradation. 

RNA helices H2, H3, H4, and H7 are located 
at an opening near the base of the 90S struc- 
ture (Fig. 2C). Accompanying their degradation, 
the nearby regions also become disordered. 
Utp30, Rrt14, Rps18, an o-helix of Sasl0 that 
binds Utp30, and an o-helix of Utp11 that 
binds H7 disappear altogether in state B (Fig. 
2D). In state E, the base of 90S shows greatly 
reduced densities, suggesting that the UTPA 
complex and other nearby AFs begin to disso- 
ciate (Fig. 2F). Therefore, degradation of the 
5’ ETS destabilizes and promotes disassembly 
of the base of 90S. 

The mature SSU structure can be divided 
into hallmark features of body, platform, and 
head, which are made up mainly by the 5’, 
central, and 3’ major domains of 18S rRNA, 
respectively (23, 24). The global architecture 
of SSU is further determined by quaternary 
interactions between individual domains (Fig. 
1A and fig. S5A). For example, the 3’ minor 
domain comprises helices h44 and h45 that 
interact with the platform and body, respec- 
tively. Extension segment 6 (ES6) in the cen- 
tral domain mediates two long-range interactions 


lof5 


RESEARCH | REPORT 
A 0 - aH» He _U3 snoRNA Hd 
= = = = ITS1 
90S 5 EIS” ae 
ADAI yo cleavage D A2A3 
pop Se E i : - 338 
5 AO AOA1 Dissociation of U3|A1 cleavage by Utp24 D = A2A3 
. Dhr1 | A2 cleavage 
Degradation by 
exosome/Mtr4 20S 
Pre-40S AM 2 cleavage D  R2 


h44 


Central pseudoknot 
Sc Ss) 


~Rrt14 : 
Noc4/Nop14 


S’ETS 


Utp22/Rrp7 


+Rrp5, ES6E shift 


Bms1/Rcl1 


Pnot/h45 shift 


or “Rps12, -Rps18 ia Kt, Fan S'#° ° Conrardomain> 6 ‘4 L ae 4 
2A Rrt14 MIC ; ‘OA Utp22/Rrp7, -Rrp5 ; 
-Utp30 -Utp20 C 
+Exosome/Mtr4, +ES6C/D, +Rrt14 N/M 


Fig. 1. Cryo-EM structures of Dhri-depleted 90S preribosomes. (A) Sche- 
matic of pre-rRNA processing. Processing sites and interactions between the U3 
snoRNA and the 5' ETS are marked. Long-range interactions among 5’, central 
(C), 3’ major (3'M), and 3' minor (3'm) domains of mature 18S rRNA are 
indicated. (B) Density maps of seven states are shown in two views. 18S, 5' ETS, 
and U3 RNAs are shown in yellow, black, and red, respectively. The large 
structural modules UTPA, UTPB, U3 snoRNP, Noc4/Nop14/Emgl, Mpp10/Imp3/ 


with the 5’ domain. These interdomain interac- 
tions are absent in state A but start to emerge in 
the subsequent states. 

In states A and B, the ribosome assembly 
factor Krr1 binds to the central domain at the 
same position as h45 does in the mature SSU, 
preventing its assembly. Concomitant with re- 
moval of helix H6 of the 5’ ETS, Krr1 and its 
binding protein Fafl, which bind to H6, are 
released in state C, allowing for integration of 
h45 (Fig. 3, A to C, and fig. S7A). In addition, 
Utp7, Mpp10, Utp12, Utp21, and Imp4, which 
are located near H6, become partially unstruc- 
tured in state C, and Imp3, in complex with an 
a-helix of Mpp10, rotates by ~15° (Fig. 3B). 
Moreover, h45 and its binding protein Pnol, 
anchored on the UTPB complex, rotate as a 
whole unit by ~60%, which brings h45 closer to 
its binding site in the central domain. The 
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-Kre33, -Enp2, -Bfr2, -Lcp5 
Remodeling of Utp20 


movement of h45 also depends on prior re- 
moval of H6 because the new position of h45 
was previously occupied by H6 and the H5 to 
H6 linker (Fig. 3A). Removal of H6 thus 
appears to drive maturation of the central 
domain. 

Helix E of ES6 (ES6E) in the central do- 
main of 18S rRNA makes a long-range inter- 
action with helix B of ES3 (ES3B) in the 5’ 
domain in mature SSU (Fig. 1A and fig. S5A). 
ESG6E initially binds Utp22 in state A and is 
resituated to bind Utp20 in state B (Fig. 3C 
and fig. S6, A to C). The structural remodeling 
brings ESG6E closer to, but not yet in contact 
with, the 5’ domain (Fig. 3E). The original po- 
sition of ES6E on Utp22 is occupied by the 
TPR domain of Rrp5, suggesting that Rrp5 
drives the remodeling of ES6E. Rrp5 addition- 
ally contains 12 S1 RNA-binding domains, some 
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of which can be visualized (fig. S6, B to D). The 
TPR domain of Rrp5 was mistakenly mod- 
eled in previous state 1 because of insuffi- 
cient classification. 

In state D, Kre33, Enp2, Lep5, and a short 
segment of Brf2, which are bound to the apical 
part of the 5’ domain in earlier states, are 
missing (Figs. 2, D and E, and 3, C and D). 
Release of these AFs is probably facilitated 
by prior release of Krr1 in state C because the 
extended C-terminal tail of Krr1 binds Enp2 
and Bfr2 (Fig. 3C). Utp20 is an extended su- 
perhelical structure that wraps the 5’ and 
central domains of 18S rRNA with its N- and 
C-terminal half, respectively (Fig. 3D and fig. 
S7B). From state C to D, the N-half moves 
toward the central domain as a rigid body, 
whereas the C-half is greatly compressed (Fig. 
3D and fig. S7, C to E). As a result of release of 
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progression showing major remodeling events. 


the AFs bound to the 5’ domain and remodel- 
ing of the Utp20 structure, the apical part of 
the 5’ domain is pulled closer to the central 
domain by ~10 A. By contrast, the basal part of 
the 5’ domain, which is buried in the struc- 
tural core of the 90S, and the central domain 
are static (fig. S7F). The apical part of the 
5’ domain maintains its core structure through 
the transition, but a few peripheral RNA ele- 
ments (ES3B and h6) are shifted and helices 12 
to 14 become disordered (fig. S7G). Helix C/D 
of ES6 (ES6C/D), which is invisible in states A 
to C, packs into the 5’ domain in state D (Fig. 
3D). ES6C/D mainly adopts a mature-like con- 
formation (Fig. 3E) with only its tip, bound by 
an unassigned peptide, deviating (Fig. 3D). 
The binding site of ES6C/D on the 5’ domain 
was originally occupied by Lep5, Rrp9, and 
h12. Assembly of ES6C/D is only feasible after 
Lep5 has been removed and the N-terminal 
residues of Rrp9 are remodeled to bind Utp20 
(Fig. 3D). 

The remodeling of Utp20 in state D also 
affects the core structure of 90S. The C-half of 
Utp20 moves closer to the structural core and 
projects an anchor loop to bind Rps22, Utp24, 
and Rps9 (Fig. 3D and fig. S7H). The N-half of 
Utp20 contacts Utp10 more extensively and 
straightens the C domain of this long super- 
helical protein (fig. S8C). This stabilizes several 
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structures around the C domain of Utp10 so 
that they are visualized for the first time, in- 
cluding a few N-terminal helices of Rrt14 that 
bind Utp10 and the P5 helix of U3 snoRNA, 
the P3 helix of U3 sandwiched between Utp10 
and Rrp9, and an unassigned protein domain 
bound to Utp10 (Fig. 2E and fig. S8, A to G). 
The exosome and RNA helicase Mtr4 are 
involved in degradation of the excised 5' ETS 
fragment and the 3’ processing of the 5.8S 
rRNA (25-27). The nuclear exosome contains a 
nine-subunit ring structure (Exo-9), Rrp44 
with 3' to 5’ exoribonuclease and endoribo- 
nuclease domains, and cofactors Mpp6, Rrp6, 
and Rrp47. As shown by semiquantitative 
mass spectrometric analysis, Mtr4 and the 
exosome proteins are threefold more abun- 
dant in Dhri-depleted 90S compared with 
wild-type 90S (fig. S9 and data S2), suggest- 
ing that the exosome-bound 90S is enriched 
in our sample. A block of very weak density 
was observed to project out from the H8 to 
H9 regions in states D and E. The density 
was improved when the particles of state D 
enriched with the extra density were selected 
for reconstruction (figs. SID and S2B). The 
resulting density accommodates a structure of 
exosome-Mtr4 complex (Fig. 4A), which was 
determined in the context of a pre-60S ribo- 
some (Fig. 4B) (28). The model shows that 
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Mtr4 mediates the binding of the exosome to 
90S (Fig. 4C). Confirming the structural ar- 
rangement, the binding of the exosome was 
blocked upon depletion of Mtr4 (fig. S9). Two 
RecA domains of Mtr4 dock on a composite 
surface of Utp6, Utp14, Fcf2, and the base of 
H9. Utp14 at the interface is important for 
exosome binding (29). The N-terminal region 
of Utp18 that binds the KOW domain of Mtr4 
is also close to the interface (26). The 3’ end of 
H9 is ~22 A away from the entry of the RNA 
channel in the exosome. This arrangement 
would allow the exosome to degrade the ex- 
posed 3’ end of the 5’ ETS after site AO is 
cleaved. The exosome is visualized in states 
Dand E, yet the 5’ ETS is already degraded in 
state B. The exosome may be bound in earlier 
states but is too flexible to be visualized. Its 
conformation is somehow restricted after struc- 
tural remodeling in state D. 

On the basis of our structures, the excised 
5’ ETS is degraded in situ within the 90S 
structure, rather than being released together 
with associated 5’ ETS AFs (9). We have cap- 
tured the structure of 90S associated with the 
exosome that is primed to digest the 3’ end of 
the excised 5’ ETS fragment using the 3’ to 
5’ exonuclease activity of Rrp44.. However, the 
possibility that the exosome is recruited to 
degrade stalled precursors cannot be excluded 
at present. Three discontinuous regions (H1, 
Ha to H5, and Hb to H9) of the 5’ ETS are 
persistently bound to 90S, suggesting that the 
digestion also occurs internally, likely involv- 
ing the endonuclease activity of Rrp44 (30, 37). 

States A to E show consecutive structural 
changes and features of maturing preribosomes, 
suggesting that they are evolvable physiological 
intermediates rather than dead-end products. 
Moreover, the RNA degradation is specific be- 
cause only the 5’ ETS, not the 18S region, is 
affected. States Al and Cl, which have an al- 
ternative or disrupted central domain struc- 
ture and no detectable successive states, may 
have resulted from a quality control process. 

These structural snapshots illustrate the 
order of molecular events during the early 
transition of the 90S to the pre-40S ribosome 
(Fig. 4D). With the release of Krr1, the central 
domain is ready to accommodate h45. Addi- 
tional release of AFs bound to the 5’ domain 
and remodeling of Utp20 bring the 5’ and 
central domains closer, allowing helix ES6C/D 
to make the first interdomain interaction. The 
extended and flexible structure of Utp20 is 
well suited to scaffold the two domains during 
the dynamic packing process. At state E, the 
UTPA complex begins to dissociate. Further 
release of the U3 snoRNP probably requires 
the helicase activity of Dhri (20) and cannot 
proceed in the Dhri-depleted 90S. From a 
structural point of view, digestion of 5’ ETS is 
critical for starting the chain of remodeling 
events by destabilizing local structures of 90S 
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and making space for repositioned components. 
Supporting the driving role of 5’ ETS digestion 
for 90S progression, the exosome components 
and Mtr4 are required for 18S rRNA processing 
(32). Our study reveals an unexpected strategy 
in remodeling of a large RNA-protein complex 
by digestion of its RNA and sets the stage for 
further investigation of the transition of the 90S 
to the pre-40S ribosome. 
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Microbiome-derived inosine modulates response to 
checkpoint inhibitor immunotherapy 
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Several species of intestinal bacteria have been associated with enhanced efficacy of checkpoint 
blockade immunotherapy, but the underlying mechanisms by which the microbiome enhances antitumor 
immunity are unclear. In this study, we isolated three bacterial species—Bifidobacterium pseudolongum, 
Lactobacillus johnsonii, and Olsenella species—that significantly enhanced efficacy of immune checkpoint 
inhibitors in four mouse models of cancer. We found that intestinal B. pseudolongum modulated 
enhanced immunotherapy response through production of the metabolite inosine. Decreased gut barrier 
function induced by immunotherapy increased systemic translocation of inosine and activated antitumor 
T cells. The effect of inosine was dependent on T cell expression of the adenosine Az, receptor and 
required costimulation. Collectively, our study identifies a previously unknown microbial metabolite 
immune pathway activated by immunotherapy that may be exploited to develop microbial-based 


adjuvant therapies. 


mmune checkpoint blockade (ICB) ther- 

apy can be an effective therapy in some 

tumors and certain cancer patients by 

harnessing the therapeutic potential of 

the immune system. Targeting cytotoxic 
T lymphocyte-associated antigen 4 (CTLA-4) 
or programmed cell death protein 1 (PD-1) or 
its ligand (PD-L1) has revolutionized the treat- 
ment of some cancers, including melanoma, 
renal cell carcinoma, and non-small cell lung 
cancer (1, 2). Nevertheless, many other cancers 
show primary resistance to ICB therapy, and 
response rates remain low and differ between 
patients, even in those cancers where ICB ther- 
apy has provided benefit (3-5). There is there- 
fore an urgent need to determine the underlying 
reasons for such nonresponsiveness. Recent 
studies have provided strong evidence that 
the gut microbiota can affect antitumor im- 
munity, and composition of the intestinal 
microbiome may even predict the efficacy of 
ICB therapy. A series of seminal studies re- 
vealed that the efficacy of ICB therapies was 
dependent on specific gut bacteria (6-10) and 
that treatment with ICB-promoting bacteria 
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may help overcome primary resistance to ICB 
therapies (8). Despite the findings that spe- 
cific bacterial species have been associated 
with increased antitumor immunity, the pre- 
cise molecular mechanisms by which these 
microbes enhance ICB therapy remain elu- 
sive. In this study, we used an animal model 
of colorectal cancer (CRC) to identify specific 
ICB-promoting bacteria, elucidated the under- 
lying molecular mechanism of how these mi- 
crobes enhanced ICB therapy efficacy, and 
validated our findings in additional models of 
bladder cancer and melanoma. 

Although the intestinal microbiota can af- 
fect CRC progression (11, 12) and may alter the 
efficacy of chemotherapeutics (73, 14), clin- 
ically, ICB therapies are notoriously ineffective 
in most CRC cases (15), and the role of the 
microbiome in nonresponsiveness has not yet 
been determined. We therefore investigated 
the efficacy of ICB therapy in a mouse model 
where colonic tumors are induced using 
azoxymethane (AOM) and dextran sulfate 
sodium (DSS) (Fig. 1A). Treatment with anti- 
CTLA-4 or anti-PD-L1 antibodies led to sig- 
nificantly fewer and smaller tumors (Fig. 1, B 
and C) and reduced the frequency of EpCam* 
Lgr5* cells in the tumor, which are markers 
for epithelial cell stemness (Fig. 1D). Anti- 
CTLA-4 treatment also resulted in increased 
immune cell infiltration into the tumors (Fig. 
1E). Increased CD8* T cell frequencies in the 
tumor-draining lymph node (fig. SLA) was also 
observed together with increased IFN-y*CD4* 
and IFN-y*CDs* T cells in the spleen (IFN-y, 
interferon-y) (fig. S1, B and C). In this model, 
the effects of anti-CTLA-4 were greater than 
those induced by anti-PD-L1 treatment when 
using the same antibody dose. The differ- 
ence in anti-CTLA-4 and anti-PD-L1 efficacy 
in this model may be dependent on the dose- 
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effect relationship, and higher doses have 
previously been described for anti-PD-1 ther- 
apy (8). Moreover, effector functions of anti- 
CTLA-4 and anti-PD-1 or anti-PD-L1 rely on 
distinct mechanisms, among them regula- 
tory T cells (Tregs) (16), and indeed Treg 
composition and function are different be- 
tween cancer types (17). We next used this 
model system to screen for potentially ben- 
eficial bacteria that were associated with ICB 
responsiveness. Although no significant changes 
were observed in the overall fecal bacterial 
composition (f-diversity) between ICB-treated 
and control mice (fig. SID), a few bacterial 
families were differentially abundant (fig. S1E). 
In contrast, sequencing of tumor-associated 
bacterial communities revealed differences 
in B-diversity (fig. SIF), and additional bac- 
terial genera were differentially abundant in 
the ICB-treated tumors (Fig. 1F and fig. S1, G 
and H). We therefore performed anaerobic 
culture of homogenized tumors from both 
groups and were able to culture and identify 
21 distinct bacterial isolates. Seven bacterial 
species were cultured only from ICB-treated 
tumors, whereas four were found only in 
the control group (Fig. 1G). Bifidobacterium 
pseudolongum was one of the isolates cultured 
only from ICB-treated tumors. B. pseudolongum 
belongs to the genus Bifidobacterium, which 
was identified as differentially abundant by 
sequencing (Fig. IF and fig. S1, G and H). In- 
terestingly, Akkermansia muciniphila, which 
was recently identified to enhance the effi- 
cacy of anti-PD-L1 and anti-PD-1 treatments 
in lung and kidney cancers (8), was also one 
of the seven bacteria cultured only from ICB- 
treated tumors (Fig. 1G). Isolation and identi- 
fication of distinct bacterial species associated 
with ICB responsiveness provided us with the 
opportunity to identify the molecular mecha- 
nism involved. 

Next, we determined whether the efficacy 
of ICB therapy in CRC was dependent on the 
microbiota, as has been shown with other tu- 
mor types (6). As the development of ortho- 
topic adenocarcinomas is severely reduced in 
animals with a limited microbiota (J8), we 
switched to a heterotopic in vivo model of CRC 
where MC38 colorectal cancer cells were im- 
planted into the flank of germ-free (GF) or 
specific-pathogen-free (SPF) mice followed by 
ICB therapy once tumors were palpable (fig. 
$2A). Anti-CTLA-4 treatment led to smaller 
tumors (fig. S2B) and markedly increased in- 
tratumoral and splenic CD4* and CD8* T cell 
activation and proliferation in SPF mice com- 
pared with GF mice (fig. $2, C to F). To ensure 
that the lack of ICB efficacy was not merely a 
reflection of the immature immune system of 
GF mice, we also assessed the effect of ICB 
therapy in antibiotic-treated SPF mice (fig. 
$2G). Similar to what was observed in GF 
mice, broad-spectrum antibiotics reduced 
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ICB therapy efficacy in tumor-bearing SPF 
mice (fig. S2, H to J). 

To evaluate whether the isolated bacteria 
that were enriched in the tumors of ICB- 
treated mice (Fig. 1G) were able to boost the 
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efficacy of ICB therapy, GF mice were mono- 
colonized with five different isolated bacte- 
rial species. MC38 tumor cells were injected 
heterotopically into monocolonized or GF mice 
and, upon palpable tumor development, all 
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mice were treated with anti-CTLA-4, after which 
tumor growth and antitumor immunity were 
assessed (Fig. 1H). Of the five bacterial species 
tested, monocolonization with B. pseudolongum, 
Lactobacillus johnsonii, and Olsenella species 
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significantly enhanced the efficacy of anti- 
CTLA-4 treatment compared with GF mice or 
mice monocolonized with Colidextribacter spe- 
cies or Prevotella species (Fig. 1, I and J, and 
fig. S3, A and B). In addition, CD4* and CD8* 
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T cell activation was substantially increased (Fig. 
1K), whereas proliferation of intratumoral CD8* 
T cells (fig. S3, C and D) was modestly increased 
in the tumors of B. pseudolongum, L. johnsonii, 
and Olsenella species-monocolonized animals. 
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The isolated ICB-promoting B. pseudolongum 
strain also improved the efficacy of anti-PD-L1 
treatment in the MC38 heterotopic tumor mod- 
el compared with the Colidextribacter species 
control bacteria (fig. S4), albeit to a lesser 
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extent than that observed for anti-CTLA-4 
treatment (at the same dose), similar to our 
observations in the AOM/DSS model. Because 
B. pseudolongum provided the most robust 
ICB-promoting effect, it was selected for fur- 
ther mechanistic studies. Note that other 
Bifidobacterium species, such as B. breve 
and B. longum, have previously been found 
to promote antitumor immunity and enhance 
anti-PD-L1 efficacy in a murine model of 
melanoma (7). In humans, B. longum has 
been reported to be enriched in anti-PD-1 
responders (9). Furthermore, B. pseudolongum 
species are widely distributed in the mamma- 
lian gut, with many different strains displaying 
genomic diversity and differential metabolic 
capacities (19), suggesting strain-dependent 
functions. 

We found that antitumor immunity was 
dependent on ICB therapy, as monocoloniza- 
tion with B. pseudolongum in the absence of 
anti-CTLA-4 treatment was not able to reduce 
tumor growth (fig. S5, A to C) or induce anti- 
tumor immunity (fig. $5, D and E), which is 
similar to previous studies with other ICB- 
promoting bacteria (6, 8). And although 
previous studies have shown that some bacte- 
ria accumulate in the tumor environment, 
where they locally stimulate the immune sys- 
tem and kill tumor cells through toxic metabo- 
lites (20), we could not detect B. pseudolongum 
within the heterotopic tumors (fig. S6). There- 
fore, despite the fact that B. psewdolongum was 
initially isolated from intestinal tumors, the 
presence of bacteria within tumors was not 
required for the enhancement of ICB therapy 
in our model, suggesting the potential involve- 
ment of soluble factors. 

Although B. pseudolongum did not induce 
antitumor immunity in the absence of ICB 
therapy (fig. $5), intestinal B. pseudolongum 
did induce a significant increase in expression 
of the T helper cell 1 (T}q1) master transcription 
regulator T-bet in small intestinal lamina 
propria CD4" T cells, which was not observed 
in GF or Colidextribacter species monocolon- 
ized mice (Fig. 2, A and B). Induction of T-bet 
illustrated that B. psewdolongum has immuno- 
modulatory capacity even in the absence of ICB. 
In its absence, the immunomodulatory effect 
was restricted to the gut-associated lymphoid 
tissue (GALT) and was also observed, albeit to 
a lesser extent, in the mesenteric lymph nodes 
(MLN) (fig. S7A), but it was not observed in 
the spleen (Fig. 2C). In the absence of ICB, 
B. pseudolongum did not increase the ac- 
tivation of effector function of Ty] cells, as 
IFN-y*T-bet* cells did not differ from controls 
in any of the tissues assessed (Fig. 2, B and C, 
and fig. S7A). Thus, in the absence of tumors 
and ICB therapy, B. pseudolongum promoted 
mucosal Ty1 transcriptional differentiation 
in GALT without increasing effector function 
in the gut and draining lymph nodes. While 


Mager et al., Science 369, 1481-1489 (2020) 


B. pseudolongum had no effect on other CD4* 
T cell subsets in the small intestine (fig. S7B), 
it did increase CD8*T-bet* T cells (fig. S7C). 
Moreover, B. pseudolongum had a minimal 
effect on Ty17 cells and Tyeg, in the MLN and 
spleen (fig. $7, D to G). 

Because B. pseudolongum monocoloniza- 
tion in the absence of tumors and ICB therapy 
induced only local mucosal T;1 differentiation 
during homeostasis, we next asked whether 
the combination of B. pseudolongum and anti- 
CTLA-4 therapy (in the absence of a tumor) 
would lead to systemic Ty] activation. Indeed, 
colonization with B. pseudolongum combined 
with ICB treatment led to significantly enhanced 
splenic T;;1 cell activation and effector function, 
as evidenced by IFN-y production compared 
with Colidextribacter species-monocolonized 
or GF animals (Fig. 2, D and E, and fig. S7, H 
and I). We concluded that B. pseudolongum 
induces Ty1 differentiation and, together with 
anti-CTLA-4, activation of T}y1 effector T cells. 
Interestingly, a recently defined consortium 
of 11 bacteria (which did not include any 
Bifidobacterium spp.) induced IFN-y produc- 
tion preferentially in CD8* T cells and promoted 
antitumor immunity in the absence of immu- 
notherapy (27). In contrast, B. pseudolongum 
induced IFN-y production in both CD4* and 
CD8* T cells (fig. S7J), and ICB treatment was 
required for antitumor immunity. 

We were intrigued by the ability of 
B. pseudolongum to induce Ty transcrip- 
tional differentiation during homeostasis as 
opposed to activation of T}71 effector function 
after ICB treatment. Gastrointestinal inflamma- 
tion is acommon immune-related adverse effect 
of anti-CTLA-4 treatment (7), and we reasoned 
that this may be due to alterations in gut bar- 
rier integrity. Indeed, monocolonized animals 
treated with anti-CTLA-4 displayed increased 
systemic serum anticommensal antibody re- 
activity, particularly T}1-associated immuno- 
globulin G2b, and reduced small intestinal 
transepithelial electrical resistance compared 
with controls (fig. S8, A and B). Despite this, 
anti-CTLA-4 treatment did not induce overt 
local or systemic inflammation (fig. $8, C and 
D). In this regard, it is notable that some 
Bifidobacterium species have been reported to 
provide protection from anti-CTLA-4-induced 
enterocolitis with no effect on tumor growth 
(22). The induction of systemic antibacterial 
antibodies after ICB therapy was not required 
for the ICB-promoting effect, as anti-CTLA-4 
treatment was also effective in B. pseudolongum- 
monocolonized mice deficient in B cells and 
antibodies (fig. S9). Therefore, because bacteria 
did not accumulate in (heterotopic) tumors 
(fig. S6), anti-CTLA-4 reduced the integrity 
of the gut barrier (fig. S8), and B cells and 
anticommensal antibodies were not required for 
the ICB-promoting effect of B. pseudolongum 
(fig. S9), we hypothesized that increased systemic 
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translocation of metabolites may be responsi- 
ble for the systemic effect of B. psewdolongum 
during ICB therapy. To address this hypoth- 
esis, serum collected from tumor-bearing GF, 
B. pseudolongum, or Colidextribacter species- 
monocolonized mice treated with anti-CTLA- 
4 was transferred concomitantly with anti- 
CTLA-4 into GF MC38 tumor-bearing mice 
(Fig. 2F). Unexpectedly, serum from anti-CTLA- 
4-treated B. pseudolongum monocolonized 
mice, but not serum from anti-CTLA-4-treated 
GF or Colidextribacter species-monocolonized 
mice, was sufficient to reduce tumor growth 
and elicit strong antitumor immunity in the 
tumor and spleen of GF mice (Fig. 2, G to I, 
and fig. S10). Together, these data show that 
soluble factors derived from, or induced by, 
B. pseudolongum were responsible for the 
observed ICB-promoting effects. 

Untargeted metabolomics of the serum sam- 
ples revealed increased levels of several metab- 
olites in sera from B. pseudolongum compared 
with Colidextribacter species-monocolonized 
and GF mice (Fig. 2J and fig. S11, A and B). 
Notably, the purine metabolite inosine was 
the only metabolite that was significantly more 
abundant (eight to ninefold) in sera from 
B. pseudolongum-monocolonized mice com- 
pared with sera from Colidextribacter species- 
monocolonized or GF mice (Fig. 2K). Of note, 
xanthine and hypoxanthine, degradation prod- 
ucts of inosine, were also elevated in the sera of 
B. pseudolongum-monocolonized mice (table 
S81). Analysis of bacterial culture supernatant 
revealed that both B. pseudolongum and 
A, muciniphila produced significantly higher 
amounts of inosine than did Colidextribacter 
species under the same culture conditions 
(fig. S11C), revealing that inosine is a bacterial 
metabolite produced by B. pseudolongum and 
A. muciniphila. In contrast, although L. johnsonii 
did not produce inosine, it did produce large 
amounts of hypoxanthine—a potent ligand 
binding to the same receptor as inosine— 
compared with Colidextribacter species (fig. 
S11D) (23). Inosine monophosphate and hy- 
poxanthine were two of the most elevated 
metabolites in the cecum and serum of mice 
colonized with the consortium of 11 bacteria 
that Tanoue et al. recently identified to im- 
prove ICB therapies (27). The identity of inosine 
was confirmed by fragmentation analysis 
(fig. SIIE). 

To determine the physiological inosine lev- 
els in vivo, we measured inosine concentra- 
tions in duodenal, jejunal, and cecal contents 
of B. pseudolongum-monocolonized mice. 
Inosine concentrations were highest in the 
duodenum and gradually decreased along 
the gastrointestinal tract [duodenum (66.13 + 
14.23 uM) > jejunum (29.26 + 9.38 uM) > cecum 
(0.5 + 0.05 M)] (fig. S11F). We also quantified 
inosine concentrations in the serum of anti- 
CTLA-4- and anti-PD-L1-treated B. pseudolongum 
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Fig. 3. Inosine promotes T,1 activation and antitumor immunity. (A) Naive 
CD4* T cells were cocultured with BMDCs and IFN-y. Quantification of 
T-bet*CD3*CD4"* T cells 48 hours after coculture in the presence or absence of 
inosine, Aza receptor inhibitor (ZM241385), cell-permeable cAMP (db-cAMP), and 
protein kinase A inhibitor (RP-8-CPT-cAMPS). (B) Same as (A), but without 
IFN-y. (C) Schematic overview to assess the requirement of AzaR signaling for 
B. pseudolongum-induced antitumor immunity. GF Rag-1-deficient mice were 
gavaged with B. pseudolongum and 7 days later 1 x 10° MC38 cells (s.c.) 

and wild-type (WT) or AzaR-deficient 1 x 107 T cells (iv. 6 x 10° CD4* and 4 x 
10° CD8* T cells) were injected. Upon development of palpable tumors, mice 
were treated with 100 ug anti-CTLA-4 (four times every 72 hours). (D) Tumor 
weight and (E) quantification of IFN-y* in CD8* or CD4* T cells in the tumor are 
shown. (F) Schematic overview of experimental setup to assess the effect of 
inosine on antitumor immunity. Upon development of palpable tumors, mice 
were treated with 100 ug anti-CTLA-4 i.p. (five times every 72 hours) and in 
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some groups 20 ug CpG ip. (five times every 72 hours). In addition, inosine 
(300 mg per kilogram of body weight) or PBS was given daily orally (0) through 
gavage or systemically (S) through i.p. injection. (@) Tumor weight and 
quantification of intratumoral IFN-y* cells among (H) CD4* or CD8* T cells are 
shown. (I) Schematic overview to assess the requirement of AzaR signaling 

for inosine-induced antitumor immunity. GF Ragl-~ mice were injected with 

1 x 10° MC38 cells (s.c.) and WT or ApaR-deficient 1 x 10” T cells (iv. 6 x 10° CD4* 
and 4 x 10° CD8* T cells). Upon development of palpable tumors, mice were 
treated with 100 wg anti-CTLA-4, 20 yg CpG (four times every 72 hours, both i.p.) 
and inosine (daily, 300 mg per kilogram of body weight, through gavage). 

(J) Pictures of tumors and tumor weight are shown at day 20. KO, knockout. Scale 
bar, 1 cm. (K) Quantification of IFN-y* in CD8* or CD4* T cells in the tumor 

are shown. Data indicate mean + SEM, pooled from two individual experiments. 
[(A) and (B)] n = 10 biological replicates per group. [(C) to (K)] n = 6 to 10 mice 
per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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(anti-CTLA-4: 26.16 + 3.32 uM; anti-PD-L1: 
37.5 + 10.2 uM) and Colidextribacter spe- 
cies (anti-CTLA-4: 3.26 +1.01 uM; anti-PD- 
LI: 4.8 + 1.3 uM) monocolonized mice (fig. 
STF), in the serum of SPF mice before (4.08 + 
1.12 uM) and after anti-CTLA-4 treatment 
(11.65 + 2.09 uM) and in the serum of antibiotic- 
treated SPF mice given anti-CTLA-4 (2.03 + 
0.86 uM) (fig. S11G). These data indicated 
that bacterial production of inosine in the 
upper gastrointestinal tract is likely to be the 
predominant source of elevated systemic ino- 
sine levels in B. pseudolongum monocolo- 
nized mice. 

The identification of inosine was initially 
surprising because inosine binds to the aden- 
osine 2A receptor (Aj,R), which has been 
demonstrated to inhibit Ty1 differentiation in 
vitro and antitumor immunity in vivo (24-27). 
Data supporting an immunosuppressive role 
for adenosine and A»aR signaling have led to 
the development of novel immune check- 
point inhibitor targets, such as monoclonal 
antibody-targeting CD73, CD39, and CD38 
and pharmacological antagonists of As,R, 
many of which are currently in clinical trials 
[reviewed in (28)]. However, a small body 
of literature has demonstrated that inosine 
analogs can be proinflammatory and that 
AsaR signaling can sustain Ty1 and anti- 
tumor immunity in mice (29-37). On the basis 
of these opposing findings, we investigated 
whether inosine could enhance Ty1 cell dif- 
ferentiation in vitro. Activated ovalbumin 
323-339 (OVA393-339) Deptide-pulsed bone 
marrow-derived dendritic cells (BMDCs) were 
cocultured with naive OVA393-339-specific 
OT-II CD4* T cells in the presence or ab- 
sence of inosine. The effect of inosine in 
terms of induction or inhibition of CD4* Ty1 
T cell differentiation turned out to be con- 
text dependent. Specifically, in the presence 
of exogenous IFN-y, inosine strongly boosted 
Tyl differentiation of naive T cells (Fig. 3A), 
whereas in the absence of IFN-y, inosine in- 
hibited T};1 differentiation (Fig. 3B and fig. 
S12A). We next dissected the molecular mech- 
anism through which inosine enhanced Ty1 
differentiation. Whereas the pharmacological 
inhibition of Ay,R signaling (with the high 
affinity antagonist ligand ZM241385) com- 
pletely abrogated the effect of inosine, the 
addition of cell-permeable dibutyryl-cyclic 
adenosine monophosphate (db-cAMP), a sig- 
naling molecule downstream of A»aR, re- 
stored Ty1 differentiation and bypassed 
the need for inosine (Fig. 3A). Furthermore, 
inhibition of protein kinase A (PKA), a down- 
stream effector molecule of cAMP, negated 
inosine-driven Ty1 differentiation (Fig. 3A). In 
addition, the inosine-Ag,R-cAMP-PKA sig- 
naling cascade led to phosphorylation of the 
transcription factor cAMP response element- 
binding protein (CREB) (fig. $12B), a known 
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transcriptional enhancer of key Ty1 differ- 
entiation factors, such as interleukin-12 
(IL-12) receptor and IFN-y (32-34). We also 
observed inosine-dependent up-regulation of 
the IL-12 receptor, beta 2 subunit (IL12RB2) 
(fig. S12C). 

The effect of inosine was T cell-intrinsic, 
because the addition of inosine to naive T cells 
that had been activated with anti-CD3- and 
anti-CD28-coated beads also enhanced Ty1 
differentiation, even in the absence of IFN-y 
(fig. S12D). Furthermore, induction of Ty1 
differentiation and phosphorylation of CREB 
was absent when A,,R-deficient T cells were 
stimulated with inosine (fig. $12, E and F). In 
contrast, bypassing the need for AgaR sig- 
naling by using db-cAMP increased Ty1 dif- 
ferentiation and phosphorylation of CREB in 
AvaR-deficient T cells, confirming that the 
Ty1 promoting effect of inosine is dependent 
on AgaR signaling (fig. S12, E and F). Ad- 
ditionally, given that phosphorylated CREB is 
known to bind to key Ty1 target genes, we 
confirmed that inosine stimulation led to a 
sustained up-regulation of J1/2rb2 and Ifng 
gene expression in CD4"* T cells (fig. S12, G 
and H). Inosine dose response experiments 
revealed that the physiological concentrations 
of inosine observed in sera of B. pseudolongum 
but not Colidextribacter species-monocolonized 
mice were sufficient to induce Ty] activation 
(fig. S121). In contrast, adenosine, which also 
binds to the A»aR, was present only at extremely 
low levels in intestinal contents, and serum 
levels did not differ between B. pseudolongum 
and Colidextribacter species-monocolonized 
mice (fig. $12J), indicating that adenosine was 
unlikely to be mediating the ICB-promoting 
effects of B. pseudolongum. Furthermore, aden- 
osine dose-response experiments revealed that 
the levels of adenosine in the serum were in- 
sufficient to promote T};1 activation and effector 
function (fig. S12K). To confirm whether the 
inosine-mediated T};1 promoting effect in vitro 
also applied to in vivo conditions, GF mice 
were immunized with ovalbumin in combina- 
tion with CpG as a costimulus. Note that we 
used CpG as a costimulus because it is a widely 
used antitumor adjuvant in different settings 
[reviewed in (35)]. One day later, mice received 
inosine or vehicle by intraperitoneal adminis- 
tration. Inosine increased the proportions of 
T-bet*IFN-y*CD8* and T-bet*IFN-y*CD4*" T cells 
in the MLN (fig. S12, L to N), validating our 
in vitro results. 

We next determined whether the ICB- 
enhancing ability of B. pseudolongum required 
AoaR expression specifically on T cells. Anti- 
tumor immunity was assessed in B. pseudolongum 
monocolonized Ragi-deficient mice bearing 
MC38 tumors that had been adoptively trans- 
ferred with either Aj,R-deficient or wild-type 
T cells and treated with anti-CTLA-4 (Fig. 3C). 
We found that the absence of Aj,R expression 
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on T cells reduced the ICB-promoting effect of 
B. pseudolongum (Fig. 3, D and E). 

We then determined whether inosine could 
promote antitumor immunity induced by anti- 
CTLA-4 in the absence of B. pseudolongum. GF 
mice were challenged with MC38 tumor cells 
and upon development of palpable tumors, 
inosine or phosphate-buffered saline (PBS) was 
given orally or systemically in combination 
with anti-CTLA-4 treatment and CpG as a 
costimulus (Fig. 3F). Compared with PBS, both 
oral and systemic administration of inosine 
led to reduced tumor weights and increased 
antitumor immunity when given together 
with anti-CTLA-4 and CpG (Fig. 3, G and H). 
But in the absence of CpG, inosine increased 
tumor weight and reduced antitumor im- 
munity (Fig. 3, G and H), validating our pre- 
vious in vitro findings demonstrating that 
the effect of inosine was context-dependent 
and based on the presence or absence of co- 
stimulation. Inosine-induced antitumor im- 
munity was also dependent on AyaR signaling 
in T cells, as oral supplementation with ino- 
sine failed to induce antitumor immunity 
in MC38 tumor-bearing GF Ragi-deficient 
animals adoptively transferred with Ay,R- 
deficient T cells (Fig. 3, Ito K). These data 
indicated that the ICB-promoting effect of 
B. pseudolongum was mediated by inosine 
and was dependent on AgaR signaling specif- 
ically in T cells. 

Because we detected A. muciniphila—a spe- 
cies that was previously shown to increase ICB 
therapy efficacy (8) and to produce inosine 
in vitro (fig. S11C)—in ICB-treated tumors 
(Fig. 1G), we further investigated whether 
A, muciniphila also relies on Ay,R signaling 
to enhance ICB-therapy efficacy. We found 
that monocolonization with A. muciniphila 
in combination with anti-CTLA-4 led to smaller 
tumors and increased antitumor immunity, 
and this was dependent on T cell expression 
of AoaR (fig. S13, A to D). Although mono- 
colonization with L. johnsonii was able to 
promote the antitumor effects of anti-CTLA-4 
(Fig. 1, I to K, and fig. S5), hypoxanthine 
(another ligand of the Ag,R), not inosine, was 
elevated in in vitro cultures (fig. S11, C and 
D). Despite this, the ICB-promoting effect of 
L. johnsonii, although less potent than that 
of B. pseudolongum and A. muciniphila, was 
also partially dependent on T cell expression 
of AgaR (fig. S13, E to H). 

We next tested whether inosine could also 
promote the efficacy of anti-CTLA-4 therapy 
in the presence of a complex microbiota. We 
first used a gnotobiotic model where mice are 
stably colonized with a defined microbiota 
consisting of 12 bacterial species, referred to 
as Oligo-Mouse-Microbiota-12 (Oligo-MM™) 
(36), which lacks B. pseudolongum. We found 
that inosine was able to promote the anti- 
tumor effects of anti-CTLA-4, with reduced 
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Fig. 4. The metabolite 
inosine promotes immuno- 
therapy response in 

mouse models of intestinal 
cancer, bladder cancer, 

and melanoma. (A) Sche- 
matic overview of experimen- 
tal setup to assess the 
effect of inosine in SPF 
Msh2'oP? Villin-Cre mice. 
On day 312, mice received 
antibiotics orally (ampicillin, 
1 mg/ml; colistin, 1 mg/m 
and streptomycin, 5 mg/ml) 
until the end of the experiment, 
and on day 319 mice received G Day 0 
100 ug anti-CTLA-4 i.p. and Germetree 


20 ug CpG i.p. (both five S 


A _Day0 
M. IS h, at .oxP/LoxP 
Villin-Cre 


times every 72 hours) and 
PBS or inosine (300 mg per 


kilogram of body weight) Tumor cells 
: MB49 
orally through gavage daily. Day 7 
(B) Tumor weight, (C) repre- 
sentative pictures of 
dissected tumors, (D) quanti- 
fication of TILs and splenic ese 
+ . + I-' 4, 
IFN-y" production of i) CD4 CpG, PBS 
and (F) CD8* T cells is or inosine 
shown. (G) Schematic Day 18 
overview of experimental Assess 
setup to assess the effect of “Tumor 
tee -T cells 
inosine on bladder cancer. 
GF animals were sub- L Day 0 
cutaneously injected in the Germ-free 
flank with 2 x 10° MB49 mice 
bladder cancer cells. Upon 
development of palpable 
tumors, mice were treated Tumor cells 
with 100 wg anti-CTLA-4 ip. B16-F10 
and 20 ug CpG ip. (three Day 7 
times every 72 hours) and 
PBS or inosine (300 mg per 
kilogram of body weight) 
orally through gavage daily. anti-CTLA-4, 
(H) Tumor weight and CpG, PBS 
(I) pictures of tumors are . aehoy 
shown. Quantification of A ay 18 
SSESS 
IFN-y* in (J) CD8* or Tumor 
(K) CD4* cells in the tumor -T cells 


are shown. (L) Schematic 


overview of experimental setup to assess the effect of inosine on melanoma. 
GF animals were subcutaneously injected in the flank with 1 x 10° B16-F10 
melanoma cells. Upon development of palpable tumors, mice were treated 

with 100 wg anti-CTLA-4 i.p. and 20 ug CpG i.p. (three times every 72 hours) and 
PBS or inosine (300 mg per kilogram of body weight) orally through gavage 


tumor size and increased intra-tumoral IFN- 
y'CD8* and IFN-y*CD4** T cells even in gnoto- 
biotic Oligo-MM” mice (fig. S14, A to D). We 
also found that inosine could promote the 
efficacy of anti-CTLA-4 in SPF mice, which 
contain a highly diverse microbiota (fig. 
$14, E to H). We then examined whether 
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B. pseudolongum needed to be viable to 
enhance anti-CTLA-4 efficacy. Whereas gavage 
of live B. pseudolongum, with or without anti- 
biotic pretreatment, enhanced anti-CTLA-4 
effects in SPF mice (fig. S14, E to H), heat- 
killed B. pseudolongum was unable to boost 
the effects of ICB therapy, likely because of 
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daily. (M) Tumor weight and (N) pictures of tumors are shown. Quantification 
of IFN-y* in (0) CD8* or (P) CD4* cells in the tumor are shown. Data 
indicate mean + SEM. [(A) to (F)] n = 8 mice per group. [(G) to (P)] 

n=7 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001. 


the inability to produce inosine (fig. S14, 
Eto H). 

In addition to direct stimulation of T cells, 
inosine could potentially affect tumor cells 
directly through altering tumor cell survival 
or susceptibility to T cell-mediated killing. 
However, direct in vitro exposure of MC38 
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tumor cells to inosine did not modulate tu- 
mor cell viability (fig. S1I5A), and pretreat- 
ment of MC38 tumor cells before coculture 
with activated tumor-specific T cells did not 
promote or inhibit T cell-mediated killing 
of tumor cells (fig. S15B), further support- 
ing the conclusion that the antitumor effect 
of inosine was mediated primarily through 
T cells. 

Together, these data indicate that the effect 
of inosine on T cells required sufficient co- 
stimulation (likely by DCs), IL-12 receptor 
engagement for T};1 differentiation, and IFN-y 
production for efficient antitumor immunity. 
Indeed, conventional dendritic cells (cDCs), 
not macrophages, were found to be the pri- 
mary source of IL-12 (fig. S16, A and B). To 
further assess the role of cDCs in ICB-bacteria 
cotherapy, bone marrow (BM) cells from cDC- 
DTR mice (DTR, diphtheria toxin receptor) 
were transferred into lethally y-irradiated 
recipient SPF mice to allow for inducible, 
conditional depletion of cDCs. After BM re- 
constitution, mice were treated with anti- 
biotics and gavaged with a mixture of the 
three previously identified ICB-promoting 
bacteria: B. pseudolongum, L. johnsonii, and 
Olsenella species. Ten weeks later, mice were 
implanted with MC38 cells and when palpable 
tumors were established, cDCs were depleted 
by injection of diphtheria toxin followed by 
anti-CTLA-4 treatment (fig. S16C). Depletion 
of cDCs led to larger tumors (fig. S16D), a 
significant reduction in intratumoral CD8* 
and CD4"* T cell frequencies and IFN-y pro- 
duction (fig. SIGE), and markedly reduced 
IFN-y production and proliferation of splenic 
CDs8* and CD4" T cells (fig. SI6F). Therefore, 
depletion of cDCs strongly impeded the abil- 
ity of the bacteria-elicited ICB response to 
reduce established tumors, which indicated 
the requirement for continuous antigen pre- 
sentation, IL-12 production, and T cell co- 
stimulation by cDCs for efficient ICB therapy. 
The critical involvement of cDC and IL-12 
has previously been reported for anti-PD-1 
treatment (37). 

Because enhanced Ty1 immunity is gener- 
ally considered to be beneficial for most anti- 
tumor responses [reviewed in (38)], we next 
determined whether intestinal colonization 
with the isolated ICB-promoting bacteria or 
treatment with inosine would be equally effec- 
tive in other tumor models. First, we tested the 
ICB-promoting effect of B. pseudolongum, 
L. johnsonii, and Olsenella species in SPF 
Msh2’??P yillin-Cre (39) animals that have 
conditional inactivation of Msh2 (a DNA mis- 
match repair gene) in intestinal epithelial cells 
and develop adenocarcinomas in the small 
intestine. Previous reports have shown greater 
efficacy of ICB in mismatch repair-deficient 
(MMRD) cancer in the clinical setting (15, 40). 
In the Mshohe??/“?P Villin-Cre model, anti- 
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CTLA-4 treatment alone (without the addition 
of ICB-promoting bacteria) led to reduced 
tumor weights and EpCam*Lgr5* cells in the 
tumor, markers for epithelial cell stemness, 
and increased T cell activation and immune 
cell infiltration in the tumor (fig. S17, A to F). 
Cotreatment with ICB-promoting bacteria 
markedly boosted the effect of anti-CTLA-4 
(fig. S17G), leading to a further reduction of 
tumor weight and EpCam*Lgr5” cells together 
with drastically enhanced T cell activation and 
immune cell infiltration in the tumor com- 
pared with control bacteria (fig. S17, H to L). 
These results suggested that bacterial co- 
therapy may optimize treatment regimens 
in MMRD tumors. Notably, anti-IL-12p75 
treatment almost completely abrogated the 
effect of ICB-promoting, anti-CTLA-4 co- 
therapy in Msh2!°"?/“"" Villin-Cre tumors 
(fig. S17, G to L), which supports a critical 
role for inosine-dependent up-regulation 
of IL12R2 on T cells and cDC production of 
IL-12 and corroborates similar findings upon 
simultaneous depletion of IL-12 and IL-23, 
using anti-IL-12p40 treatment (6, 8). As 
oxaliplatin and anti-PD-L1 cotreatment is a 
more commonly used therapy in clinics, we 
also confirmed that ICB-promoting bacteria en- 
hanced the efficacy of oxaliplatin and anti-PD- 
LI cotreatment in SPF Msh2°""~"” Villin-Cre 
animals (fig. S18). 

As B. pseudolongum was enriched in AOM/ 
DSS tumors of ICB-treated animals (Fig. 1, F 
and G), and Bifidobacteria were previously 
associated with improved ICB-therapy effi- 
cacy in cancer patients (9), we wondered 
whether Bifidobacteria were also enriched 
in Msho?°*?/-? Yillin-Cre tumors of ICB- 
treated mice. While the total amount of tumor- 
associated bacteria did not change with 
anti-CTLA-4 or anti-PD-L1 treatment (fig. 
S19A), ICB treatment led to specific enrich- 
ment of tumor-associated Bifidobacteria (fig. 
S19B). A recent report revealed that, compared 
with other tissues, Bifidobacteria colonize tu- 
mors, likely owing to the hypoxic environment 
often found in tumors (47). At this point, it is 
unclear why Bifidobacteria seem to preferen- 
tially accumulate in ICB-treated conditions. 

We next tested the ICB-promoting effect of 
B. pseudolongum, L. johnsonii, and Olsenella 
species in SPF Ape?" Krag" C+ Fabpl- 
Cre (42) mice, which have conditional Apc 
deficiency and activation of Kras specifically in 
colonocytes. In this model of CRC, anti-CTLA-4 
treatment did not improve survival compared 
with isotype-treated animals (fig. S20, A and B), 
and transfer of the ICB-promoting bacteria 
failed to enhance survival (fig. S20, C and D), 
revealing a limitation of bacterial cotherapy 
in this model. 

Finally, we tested whether the bacterial 
metabolite inosine in combination with co- 
stimulation was sufficient to enhance the ef- 
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ficacy of ICB therapy in other cancer models. 
Oral administration of inosine together with 
anti-CTLA-4 and CpG treatment in SPF 
Msn2"--P 7illin-Cre mice led to significant 
reduction in tumor weight and a corre- 
sponding increase in splenic IFN-y*CD4* 
and IFN-y*CD8* T cells (Fig. 4, A to F). No- 
tably, inosine together with CpG was also 
found to be effective in promoting the ef- 
ficacy of anti-CTLA-4 in two additional murine 
cancers—bladder cancer and melanoma. Spe- 
cifically, inosine plus CpG administration to 
GF mice that had been injected with MB49 
murine bladder cancer cells was able to sig- 
nificantly enhance the ability of anti-CTLA-4 
to reduce tumor weight and increase the 
proportion of IFN-y*CD4* and IFN-y*CD8* 
T cells infiltrating the tumors (Fig. 4, G to 
K). Similarly, inosine plus CpG augmented 
the ability of anti-CTLA-4 to mediate antitumor 
immunity in a heterotopic mouse model of 
melanoma (Fig. 4, L to P). 

Our results identify a B. pseudolongum 
strain isolated from ICB-treated CRC tumors 
as a key commensal intestinal bacterial species 
that is capable of boosting a cDC-dependent 
Ty] cell circuit to greatly enhance the effect of 
ICB therapies in mouse models of intestinal 
and epithelial tumors (fig. S21). These data 
support the premise that modification of the 
microbiota or targeted bacterial therapies 
with defined microbial consortia may provide 
a promising adjuvant therapy to ICB in CRC 
and other cancers. Although isolated from 
mice, all three ICB-promoting bacteria are 
also found in humans, indicating their po- 
tential for translation (43-45). Furthermore, 
we analyzed published human fecal micro- 
biome metagenomic datasets (8, 9, 46) and 
found a trend, although not significant, where 
B. pseudolongum was enriched [up to 2.4-fold 
(8)] in responders compared with nonrespond- 
ing cancer patients (fig. S22A). At the genus 
level, Bifidobacteria were also enriched (albeit 
nonsignificantly) in responders compared with 
nonresponders [5.9-fold (9)] (fig. S22B), with 
the species B. longum and B. adolescentis 
significantly enriched (47). Owing to the low 
abundance of B. pseudolongum in fecal sam- 
ples of adults, higher-powered studies with 
larger sample sizes will be needed to confirm 
this trend. We also identified inosine as a key 
bacterial-derived metabolite acting through 
T cell-specific Aj.,R signaling to promote Ty1 
cell activation in a context-dependent manner. 
We further confirmed that A. muciniphila, 
which is known to be associated with respon- 
siveness to ICB therapy in humans (8), uses 
inosine-AgaR signaling for its ICB-promoting 
effect. In light of our findings, one might 
caution against the blockade of inosine-A,,R 
signaling for cancer immunotherapy, as this 
may negate any positive effect provided by 
beneficial microbes. We suggest that Aj,R 
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signaling is likely an integral antitumor path- 
way for bacterial-ICB cotherapies. Further in- 
vestigation of the effects of xanthine and 
hypoxanthine, degradation products of ino- 
sine, are warranted. 
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WATER STRUCTURE 


Reversible structural transformations in supercooled 
liquid water from 135 to 245 K 


Loni Kringle*, Wyatt A. Thornley*, Bruce D. Kay, Greg A. Kimmel+ 


A fundamental understanding of the unusual properties of water remains elusive because of the limited 
data at the temperatures and pressures needed to decide among competing theories. We investigated the 
structural transformations of transiently heated supercooled water films, which evolved for several 
nanoseconds per pulse during fast laser heating before quenching to 70 kelvin (K). Water’s structure 
relaxed from its initial configuration to a steady-state configuration before appreciable crystallization. 
Over the full temperature range investigated, all structural changes were reversible and reproducible by 
a linear combination of high- and low-temperature structural motifs. The fraction of the liquid with the 
high-temperature motif decreased rapidly as the temperature decreased from 245 to 190 K, consistent 
with the predictions of two-state “mixture” models for supercooled water in the supercritical regime. 


ater has many anomalous properties 
compared with “simple” liquids (7-3). 

These anomalies, which are related 

to temperature-dependent changes 

in the hydrogen-bonding network 

[for example, (4)], are typically enhanced in 
supercooled water. However, no consensus has 
emerged on whether the changes arise from 
several structurally distinct components in the 
liquid or from a unimodal, continuous distribu- 
tion of structures (2-7). Models that have been 
developed to explain water’s properties include 
the liquid-liquid critical point (LLCP) scenario 
(8, 9) and the singularity-free scenario (10). 
The main difficulty in determining which of 
the models is correct is the limited data in the 
relevant temperature, 7, and pressure, P, ranges. 
For water at ambient pressures, which is the 
focus of this work, data are largely missing 
from 160 to 235 K (“no man’s land”) because 
of rapid crystallization of the supercooled 
liquid (2, 3). Whether rapid crystallization is 
just an experimental obstacle or a fundamen- 
tal problem signaling the inability of water 
to thermally equilibrate before crystallization 
is also a major unanswered question (9, 17, 12). 
We used infrared (IR) spectroscopy to 
investigate the structural transformations 
of transiently heated, supercooled water with 
nanosecond time resolution. Because of the 
high cooling rates for the experiments and 
the low temperature at which all of the IR 
spectra were obtained, the results were related 
to the “inherent structure” of water as deter- 
mined in molecular dynamics (MD) simu- 
lations (3, 6, 13). The results show that water 
relaxed from its initial configuration to a 
steady-state configuration before the onset of 
crystallization for the experimentally accessi- 
ble temperature range (135 K < T < 245 K). 
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These structural changes were reversible over 
the full temperature range. Finally, water’s 
inherent structure could be reproduced by a 
linear combination of two structural motifs 
corresponding to the liquid hyperquenched 
from high temperatures and water isother- 
mally annealed at the glass transition tem- 
perature, 7, (~136 K). These results provided 
support for the hypothesis that supercooled 
water at low pressure can be described as a 
mixture of two, structurally distinct compo- 
nents from 135 to 245 K (6, 9, 14-23). 

Water films with typical thicknesses of 
~15 nm were adsorbed on Pt(111) or graphene/ 
Pt(11) in ultrahigh vacuum at 70 K and then 
heated at ~10° K/s with nanosecond laser 
pulses (Fig. 1A) (24, 25). For each heat pulse, 
T(d, the films spent ~3 ns near the maximum 


Pt(111) 


Temp. (K) 


“N 
oO 


K 


Time (ns) 


Absorbance 


0 10 20 30 40 


temperature, Tinax, before rapidly cooling to 
the base temperature (Fig. 1B). The changes 
in water’s structure were monitored with IR 
spectroscopy. The results should be represen- 
tative of bulk water and not strongly influ- 
enced by the nanoscale thickness of the films 
(supplementary text, section A). 

Figure 1C shows the evolution of the IR 
spectra in the OH-stretch region for water 
films prepared with different initial config- 
urations and then heated to Tax = 215 K. 
Isothermally annealing the water films at or 
near 7, for ~100 s produced films with an IR 
spectrum characteristic of low-density amor- 
phous ice (LDA) (2, 3) (plot a in Fig. 1C, blue 
line). Pulsed heating to high temperatures 
produced films with a different characteristic 
IR spectrum: plot a in Fig. 1C shows an 
example for a film heated to 297 K for three 
pulses (red line). The IR spectrum of crys- 
talline ice (CI) is also shown for comparison 
(plot a in Fig. 1C, black line). Because the IR 
spectra were sensitive to the hydrogen-bonding 
configuration of the water molecules (23, 26, 27), 
these spectra indicated that there were sub- 
stantial structural differences between the 
three films. We refer to water films prepared 
by pulsed heating to 297 K as “hyperquenched 
water” (HQW). For the experiments reported 
below, the initial configuration of the water 
was either LDA or HQW. 

After heating the water to 215 K, the IR 
spectra evolved as the number of heat pulses, 
Np, increased (plots b and c in Fig. 1C and fig. 
Sl. For both LDA and HQW, the spectra 
observed just before the onset of measurable 
crystallization (e.g., N, = 670) were the same 


3600 3400 3200 
Wavenumbers (cm-') 


3000 


Fig. 1. Experimental approach and IR spectra. (A) Schematic of transiently heating nanoscale water films 
adsorbed on Pt(111) [or graphene/Pt(111)]. (B) Calculated temperature (Temp.) versus time, T(t), during a 
typical heat pulse. (C) IR spectra of transiently heated, 50-monolayer water films on graphene/Pt(111) 
measured at 70 K. In plot a, spectra for HQW, LDA, and Cl are all distinct. In plot b, LDA was heated to 215 K 
for Ny = 4, 10, 19, 31, 55, 100, 210, and 670. In plot c, HQW was heated to 215 K for N, = 1, 2, 4, 7, 31, 100, 
and 670. For plots b and c, the arrows indicate the increasing N,,. 
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(plot a in Fig. 1C, gray and dashed black 
lines). Further pulsed heating ultimately led 
to crystallization of the water films (fig. S2). 
Similar evolution of the IR spectra was ob- 
served for a wide range of pulsed-heating tem- 
peratures (170 K < Tmax < 260 K). In all cases, 
the IR spectra of the transiently heated water 
could be reproduced by a linear combination 
of the LDA, HQW, and CI spectra, and the 
mole fraction of LDA, HQW, and CI ({{pa, 
Sugqw, and fcr, respectively) in the water film 
could be determined (25). 

Figure 2 shows fips, faqw, and fcr versus 
Np for Tmax = 215 K. For HQW and LDA, few 
asymptotically approached ~0.64 before crys- 
tallization (solid and open circles). Similarly, 
Stipa approached ~0.36 (solid and open squares). 
Evolution of water’s structure from LDA or 
HQW to a common intermediate structure 
was also observed for other temperatures 
(e.g., fig. S3). An assumption of the current 
approach is that transiently heating water 
multiple times near T,,,, produced the same 
structural changes that would be observed 
versus time in an isothermal experiment (sup- 
plementary text, section B). 

The pulsed-heating experiments allowed 
water films to be brought into the supercooled 
region multiple times. Thus, changing Tynax 
during an experiment allowed us to explore 
the reversibility of the structural changes in 
the transiently heated water films. Figure 3A 
shows faaw and fipa versus Ny, where Tinax 
was repeatedly cycled between 215 K for 100 
pulses and 252 K for 10 pulses (a subset of the 
corresponding IR spectra is shown in fig. S4). 
The key observation is that each time Tinax 
changed, the structure quickly evolved toward 
anew steady-state configuration characteristic 
of that temperature. 

Reversible structural changes were also ob- 
served for water when the temperature was 
cycled between 135 K (isothermal heating for 
130 s) and 215 K (pulsed heating for 1 < N, < 
400) (Fig. 3B and fig. S4B). Because of the 
slower relaxation kinetics for LDA compared 
with HQW, more heat pulses were required 
to approach the steady-state configuration in 
that case. As a result, the onset for crystalli- 
zation occurred after only two temperature 
cycles in Fig. 3B (black triangles). However, 
for both experiments, the structural changes 
seen at 215 K could be reversed by simply 
changing the temperature. More examples of 
reversible structural transformations for super- 
cooled water at other temperatures are shown 
in fig. S5. The results in Figs. 1 to 3 show that 
the observed changes in the water are not 
irreversible structural transformations asso- 
ciated with crystallization (17) or crossing a 
spinodal (7). The characteristic relaxation 
times for HQW and LDA compared with ice 
nucleation and growth rates at Trax = 215 K are 
discussed in the supplementary text, section C. 
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Fig. 2. Structural relaxation for HQW and LDA. 
fuew (circles), floa (Squares), and fc; (diamonds) 
versus Np for Tmax = 215 K and initial configuration 
of either LDA (open symbols) or HQW (solid symbols). 


The results suggest that the (quenched) IR 
spectra observed just before crystallization 
reflected the steady-state structure of water at 
Tmax. The steady-state spectra, S(Tnax, ©), 
could all be fit as linear combinations of the 
HQW and LDA spectra [Syaw(@) and S_pa(o), 
respectively] (fig. S6): 


S(Tmax, ©) = ftw (Tmax) Suew (@) 
+Fepa (Tmax) Stpa(@) 


where is the frequency and figw (Aiba) is 
the fraction of the water corresponding to 
HQW (LDA) at steady state. Figure 4A shows 
Fitav (Tmax) (circles) determined from the aver- 
age of measurements of several individual ex- 
periments with LDA and HQW films on both 
Pt(111) and graphene/Pt(111) at each temper- 
ature (fig. S7). The red line shows a fit to the 
data using the logistic function (23) 


wi) = {1 + exp[-(T- To) /AT]}* 


with Tp = 210 + 3 Kand AT = 8.5 K. For Tinax < 
170 K, the steady-state IR spectra of the tran- 


siently heated water films do not change (figs. 
S8 and S9), indicating that water over a wide 
temperature range has essentially the same 
structure as LDA. 

Two-component models propose that water 
at ambient pressure is an inhomogeneous 
liquid with regions of higher density and en- 
tropy [a high-density liquid (HDL)] and lower 
density and entropy [a low-density liquid 
(LDL)] (6, 16, 19, 22). The ability to decom- 
pose the steady-state IR spectra of super- 
cooled water into a linear combination of 
two components is consistent with these 
models, as were the differences between the 
HQW and LDA spectra, which indicated a 
higher proportion of local tetrahedral config- 
urations in LDA (26, 27). IR spectra calculated 
from classical MD simulations at supercooled 
temperatures also agreed qualitatively with the 
IR spectra presented here (26). 

The observation that fgw was ~1 for Tmax > 
245 K was probably related to the rapid struc- 
tural equilibration of mildly supercooled water 
and the experiment’s finite cooling rate. At 
high temperatures, water maintained its equi- 
librium structure near T,,,.. However, as the 
sample cooled, the relaxation rate slowed to 
the point where the structural changes could 
not keep up, quenching the film. Thus, the 
structural information from temperatures 
above ~245 K was lost as the samples cooled. 
Although HQW was probably a mixture of 
HDL and LDL (2, 3), the experiments did not 
allow us to unambiguously determine its com- 
position. Furthermore, reported values for 
Ffapi(T) vary substantially, which made it 
difficult to decide which, if any, of these 
could be used to assign the composition of 
HQW (supplementary text, section D, and 
figs. S10 and S11). By contrast, we assume 
that LDA was essentially 100% LDL because it 
was prepared by annealing at T;. 

Previous experiments that used x-ray, Raman, 
and IR spectroscopy and the optical Kerr effect 
have shown bimodal characteristics for water 
above the homogeneous nucleation temperature 
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Fig. 3. Reversible structural transformations. (A and B) fyqw(Np) and fpa(Np) for pulse-heating at 
(A) Tmax = 215 and 252 K or (B) Tmax = 215 K and isothermal annealing at 135 K. The red circles and purple 
x's show fuow for Tinax = 215 and 252 K, respectively. The blue squares and orange crosses show fipa for Tmax = 
215 and 252 K, respectively. In (B), fc; (black triangles) is also shown. 
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Fig. 4. Steady-state structure and relaxation 
rates. (A) FSW Versus Tmax (black circles). The 
vertical error bars show 1 SD for the measured 
values, whereas the horizontal error bars arise from 
uncertainty in the laser power. A logistic function 
(red line) fits the data. The inset shows Row (Tmax) 
over a wider temperature range. (B) Characteristic 
number of pulses to relax HQW, N,, versus Tmax: 


(~235 K) (7, 18, 28, 29). Our results were qual- 
itatively consistent with these experiments. 
However, because all of the IR spectra reported 
here were measured at the same temperature, 
Tmeasure = 70 K, the observed changes were 
not caused by thermal effects associated with 
measurements made at different temperatures 
(30). Instead, the quenched state reflected the 
structure of water at Tax, but with reduced 
thermal broadening because of the low tem- 
perature for the IR measurements. Thus, our 
results correspond to the “inherent structures” 
obtained from MD simulations where the sys- 
tems were instantaneously quenched to 0 K 
(3, 6, 13) (supplementary text, section E). 

The characteristic number of heat pulses, N,, 
for water to relax was determined by fitting 
JSuaw With a stretched exponential function 
(eq. S2). Figure 4B shows JN, for experiments 
with HQW. For Tax > 240 K, N, could not be 
determined because there was little change in 
the structure. At lower temperatures, NV, rapidly 
increased from ~1 at Ty,a, = 236 K to ~2000 at 
Tmax = 175 K. The structural relaxation time, 
Tre], Was estimated by multiplying N, by a 
characteristic duration for the heat pulses, 
Stpulse ~ 3 ns (25). This suggests that tye 
increased from ~3 ns to 6 us as Tmax de- 
creased from 236 to 175 K. The rapid increase 
in N, (or tre) is consistent with MD simu- 
lations (37, 32) and experiments on confined 
water (3). 
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The experiments reported here focused 
on water’s relaxation before crystallization. 
To fully crystallize the films would have 
taken much longer (fig. $2), particularly for 
Tmax < 215 K, and was not explored in detail. 
An earlier report, which investigated the ice 
nucleation rate in transiently heated water 
films, followed the crystallization to comple- 
tion for Tax = 212 K (33). For 50-monolayer 
films, the number of pulses required to 
crystallize 50% of those films, Nyt1, were 
4040, 2560, 1240, and 890 for Tmax = 212, 
216, 219, and 226 K, respectively. For the 
experiments shown in fig. $2, Ny4a) was 2580 
and 2050 for LDA and HQW, respectively, 
which was comparable to the earlier results. 

Two-component models generally predict 
that water’s structure changes rapidly only at 
intermediate temperatures, with compara- 
tively slower changes at high and low temper- 
atures, at which the structure is dominated by 
HDL-like and LDL-like species, respectively 
(fig. S10) (3, 16, 22, 31). Previous experi- 
ments, including x-ray scattering (34) and 
Raman spectroscopy (29), suggest that the 
high-temperature, HDL-dominated region ex- 
tends down to ~245 K (fig. S11), whereas the 
structure of water changes more rapidly at 
lower temperatures (78, 20). The onset of rapid 
changes in water’s structure indicated by x-ray 
scattering approximately corresponds to 
the temperature below which the transiently 
heated films became sensitive to the structure 
(Fig. 4A). Therefore, we expect that SQw (Tmax) 
reflects the structural changes in water in 
the temperature range where it is changing 
rapidly, particularly at temperatures below 
230 K, for which there are few existing data. 
However, because of the finite cooling rate in 
the experiments, fig (Tmax) does not directly 
correspond to the fraction of HDL-like species 
versus (isothermal) temperature, fizp, (7). 

In the LLCP scenario, the Widom line is 
the locus of maxima in the correlation length 
as a function of temperature and pressure in 
the one-phase region (74). At ambient pressure, 
Savi) is changing the most rapidly at the 
Widom line (3, 37). For micrometer-scale liquid 
drops, x-ray scattering data place the Widom 
line, Tyr, at 229 K (20). Although the midpoint 
for fiQw(Tmax) is at 210 + 3 K (Fig. 4A), we 
expect the results on transiently heated water 
films to be shifted to lower temperatures rel- 
ative to firpi(T) because of the effects of the 
finite cooling rate (supplementary text, section 
D). Figure S12 shows an example in which 
Sitqw (Tmax) is compared with the inherent 
structures obtained from MD simulations (13). 
We also note that the rapid heating and 
cooling in the current experiments could 
potentially favor different structures from 
those measured in the liquid drops where 
the cooling rate was low enough that the 
water maintained its equilibrium structure 
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as it cooled (supplementary text, section B). 
Nonetheless, the experiments on transiently 
heated nanoscale water films provide previ- 
ously unreported data that are needed to test, 
validate, and refine various postulates advanced 
to explain water’s anomalous properties. 
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QUANTUM SYSTEMS 


Universal coherence protection in a solid-state 


spin qubit 


Kevin C. Miao’, Joseph P. Blanton, Christopher P. Anderson’, Alexandre Bourassa’, 
Alexander L. Crook’”, Gary Wolfowicz"*, Hiroshi Abe*, Takeshi Ohshima’, David D. Awschalom?2:4* 


Decoherence limits the physical realization of qubits, and its mitigation is critical for the 
development of quantum science and technology. We construct a robust qubit embedded in a 
decoherence-protected subspace, obtained by applying microwave dressing to a clock transition of 
the ground-state electron spin of a silicon carbide divacancy defect. The qubit is universally 
protected from magnetic, electric, and temperature fluctuations, which account for nearly all 
relevant decoherence channels in the solid state. This culminates in an increase of the qubit’s 
inhomogeneous dephasing time by more than four orders of magnitude (to >22 milliseconds), 
while its Hahn-echo coherence time approaches 64 milliseconds. Requiring few key platform- 
independent components, this result suggests that substantial coherence improvements can be 
achieved in a wide selection of quantum architectures. 


lectron spins embedded in a solid-state 

host, such as silicon carbide (SiC) and 

diamond, are attractive platforms for 

quantum information processing by vir- 

tue of their optical interface (J, 2) and 
engineered interactions with the host crystal 
(3-6). 

These electron spins are highly controllable 
using external magnetic fields because of the 
electron’s large magnetic moment. However, 
unwanted magnetic field noise will also couple 
intensely through this degree of freedom and 
quench spin coherences (7, 8). In particular, 
a naturally abundant host crystal typically 
has nonzero nuclear spin isotopes and pa- 
ramagnetic impurities, whose fluctuations 
produce variations in the magnetic field at 
the electron spin with magnitudes as large 
as 0.45 mT (9). 

These magnetic field fluctuations limit the 
electron spin’s Hahn-echo coherence time (7>) 
to around a millisecond (6, 7, 10, 17) and sup- 
press inhomogeneous spin dephasing times 
(T) to a few microseconds (JO, 11). These 
relatively short inhomogeneous dephasing 
times typically bound the time scales for quan- 
tum information storage and manipulation, 
requiring the development of nuclear spin 
quantum memories (72, 13) while also limiting 
the fidelity of quantum information transfer 
to coupled systems, such as superconducting 
resonators (J4). These restrictions call for the 
extension of electron spin coherence, which is 
typically achieved by means of dynamical de- 
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coupling (75), isotopic purification (13, 16, 17), 
or Hamiltonian engineering (3, 4, 18, 19). 

One particular solid-state electron spin sys- 
tem, the basally oriented kh divacancy in the 
4H polytype of SiC, has recently been shown 
to have reduced sensitivity to magnetic noise 
when operated near zero external magnetic 
field (20). This robustness primarily arises 
from the transverse zero-field splitting (ZFS) 
intrinsic to the spin system’s single mirror 
plane symmetry (Fig. 1A, lower left). When 
combined with the spin system’s axial ZFS, 
clock transitions emerge near B = 0. By op- 
erating at this point, the spin has lengthened 
inhomogeneous dephasing times, among other 
properties (27). We implement a protocol 
to further extend the ground-state spin in- 
homogeneous dephasing time, as well as the 
Hahn-echo coherence time, of a single kh 
divacancy in 4H-SiC by simply applying a 
continuous microwave dressing drive reso- 
nant with two of the three ground-state spin- 
1 sublevels at zero field. The combination of a 
clock transition and periodic driving allows 
for the advantages of both methods to man- 
ifest, whereas the individual weaknesses are 
diminished (27). Furthermore, there are many 
practical advantages of this protocol when com- 
pared to typical pulsed dynamical decoupling 
sequences, including uninterrupted coherence 
protection, lower peak drive powers, and fewer 
nonidealities in implementing the protocol. 
Notably, this dressed spin system retains its 
large magnetic and electric response to reso- 
nant microwave control fields, preserving the 
capability to rapidly perform quantum opera- 
tions to coherently manipulate the long-lived 
quantum state and the ability to prepare arbi- 
trary superpositions in this new basis. 

We isolate the kA divacancy used in this 
study in naturally abundant, commercially 
available 4H-SiC at 5 K (27). The ground-state 
spin-1 system is initialized and read out through 
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optical pulses, whereas spin rotations are pro- 
duced by microwave-frequency magnetic and 
electric fields from on-chip wires and capacitors, 
respectively (Fig. 1A). A three-axis electro- 
magnet provides vector control of the exter- 
nal magnetic field along the Cartesian axes of 
the spin system (Fig. 1A, lower left). At B = 0, 
a spin transition can be driven between the 
upper two spin states, |+) = Fs (I +1,)+ 
| —1.)) and|-) = 4, (| +1.) — | —“I,)) (where 
| +1.) denote the m, = +1 sublevels in the S, 
basis). Ramsey interferometry of the |+-)<|—) 
transition is used to determine the transverse 
ZFS magnitude E/(2n) = 18.353164(4) MHz to 
a high degree of precision and accuracy (21), 
allowing us to apply a continuous microwave- 
frequency magnetic drive at an angular fre- 
quency ® = 2E resonant with the |+)<|—) 
transition. At a sufficiently high drive Rabi 
frequency Q, the |+) spin levels undergo 
Autler-Townes splitting (27) to form dressed 
spin states |+1) with energy levels offset from 
that of |+) by +Q/2. These dressed states form 
the basis for the decoherence-protected sub- 
space (DPS) and can be observed by applying 
a weaker microwave probe pulse and sweep- 
ing its frequency detuning A from the |0)<>|+) 
transition frequency (Fig. 1C). For subsequent 
measurements, we operate at Q/(27) = 350 kHz 
to mitigate higher-order energy dispersion 
components (27). We realize coherent control 
within the dressed spin-1 system by driving 
Am, = +1 transitions |0)<>|+1) with ac mag- 
netic fields (Fig. 1D) and a Am, = +2 tran- 
sition | + 1)<| — 1) with ac electric fields (22) 
(Fig. 1E). Readout of the |+1) basis is accom- 
plished by nonadiabatically disabling the 
dressing drive, rotating into the {|0),|+)} 
basis, and optically probing the spin pop- 
ulation in |0) (27). 

The energy inhomogeneity of the driven 
spin system can be quantified by preparing a 
superposition |yo) = a (| +1) +|—1))inthe 
DPS and executing a Ramsey free precession 
sequence. With active feedback procedures in 
place, we measure a 7; inhomogeneous spin 
dephasing time in this basis to be 22.4(10) ms 
(Fig. 2A), which is more than four and two 
orders of magnitude longer than the 7} mea- 
sured for the same kh divacancy at B, = 1.2 mT 
and B = 0, respectively (Fig. 2B). Moreover, by 
adding a single refocusing pulse, we extend 
the lifetime of the superposition to a T,; Hahn- 
echo spin coherence time of 64(4) ms (Fig. 
2C). The mechanism by which the coherence 
is protected in the DPS can be understood 
by examining the Hamiltonian with a dress- 
ing drive applied on resonance, in the frame 
rotating at the drive frequency, m = 2E, 
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where y, is the electron gyromagnetic ratio, D 
is the magnitude of the axial ZFS, and Q is the 
dressing drive Rabi frequency. As a first-order 
approximation, the magnetic noise contribu- 
tions perturb the spin only when the matrix 
element becomes time independent. For B,, 
and B, noise contributions, this is achieved 
for frequency components at +£. For B, con- 


v = 277.95597 THz 


PL (kcps) 


4.28 


Fig. 1. Driven kh divacancy spin system in 4H-SiC. (A) False-color optical 
microscope image of the 4H-SiC sample showing an on-chip capacitor (blue) and 
wire (red) for microwave manipulation of the spin. Inset: Single kh divacancy 
under resonant optical excitation. Lower left: Lattice diagram of a kh divacancy 
and nearest-neighbor carbon atoms (blue) and silicon atoms (orange). Cartesian 
axes of the kh divacancy shown as colored vectors. (B) Energy diagram of the 
kh divacancy ground-state spin in the A> orbital. At B = 0, clock transitions form 
between the three spin-1 levels. Spin manipulation in this basis consists of driving 
|0) >| +) (green) and | +)<>|—) (red). Sufficiently strong driving of 

| +) <|—) induces Autler-Townes splitting, forming a hybridized spin-photon 
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tributions, this is achieved for frequency com- 
ponents at +2. Thus, within the DPS, an 
effective bandpass filter is applied on the mag- 
netic noise, with passbands located at +# and 
+2F each with bandwidths proportional to Q. 
Combined with the 1/f dependence of noise 
power spectra, this results in a greatly reduced 
sensitivity to magnetic noise. 
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We then examine the energy dispersion re- 
lations between the dressed spin levels under 
magnetic, electric, and temperature fluctua- 
tions to reveal their contributions to in- 
homogeneity in the DPS. We first consider 
the effect of magnetic fields on the dressed 
spin levels, as magnetic noise typically limits 
the coherence of many electron spin systems. 
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system, with an accessible upper branch and an inaccessible lower branch (gray). 
In this basis, spin manipulation consists of magnetically driving |O) <> | + 1) 
(purple, orange), or electrically driving | + 1) | — 1) (blue). (C) Pulsed optically 
detected magnetic resonance resolving Autler-Townes splitting of the ground- 
state spin. A is the probe frequency detuning from the |0) | +) resonance 
frequency. (D) Magnetically driven Rabi oscillations using the |Q) < | + 1) 
(upper) and |0) <+| — 1) (lower) transitions corresponding to the purple and 
orange arrows in (B). (E) Electrically driven Rabi oscillations using the transition 
| +1) | -1) highlighted by the blue arrow in (B) after reading out the 
population of | +1) (@ = +1) (upper) and | — 1) (@ = -1) (lower). 


21 24 27 30 


10° 40 


Free precession time (s) 


Fig. 2. Spin coherence in the DPS. (A) Ramsey free precession of |wo) = wal +1) + | -1)) in the DPS at B = 0 mT (blue). A microwave detuning of 

+166.6 Hz is added to increase visibility of the decay envelope. (B) Ramsey free precession of |yo) = 5 ((0) +|+)) (red) and |yo) = 5 (0) + |+1,)) (orange) 
prepared outside of the DPS at B = 0 mT and B, = 1.2 m1, respectively. (C) Hahn echo free precession of the spin when prepared in the DPS at B = 0 mT 

(blue, |yo) = 5(| +1) + | —1))), and outside of the DPS at B = 0 mT (red, |yo) = Js (|0) +|+))) and at B, = 12 mT (orange, |yo) = 35 (|0) +| + 1,))). Error 


bars represent 1 SD. 
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Under a continuous drive resonant with the 
|-+)<>|—) transition, the dispersion relation of 
the ground-state spin acquires both quadratic 
and quartic dependences on magnetic field 
(21). The dispersion relation is probed by ap- 
plying magnetic fields along the x and zg axes 
of the spin system while scanning the fre- 
quency detuning A of a probe drive (Fig. 3, A 
and B). Rotational symmetry of the system 
about the z axis leads to indistinguishable ef- 
fects from 2- and y-axis fields (27). The result- 
ing frequencies of the |0)<>|+1) spin resonances 
provide us with the driven spin system’s spectral 
response to magnetic fields. To confirm these 
observations, we develop an analytical model 
of the driven spin system using Floquet anal- 
ysis alongside a numerical model through 
spin-1 master equation simulations (27). We 
find excellent agreement between the exper- 
imental data and these models (Fig. 3, C and 
D). We then consider the primary source of 
magnetic noise, the nuclear spin bath, as an 
isotropic magnetic fluctuator with an estimated 
fluctuation magnitude at this kh divacancy 
of 13 uT (21). We perform fine scans of the 
| + 1)<>| — 1) transition using Ramsey inter- 
ferometry (Fig. 3, E and F) and confirm the 


Fig. 3. Energy disper- 
sion in the DPS. (A and 
B) Measured spectrum of 
the |0) < | + 1)transitions 
over a range of applied 
x-axis (A) and z-axis 

(B) magnetic fields. 

The contrast recovery 
procedure (see supple- 
mentary materials) 
produces unequal photo- 
uminescence contrast 
between the two reso- 
ances. The probe detun- 
g, A, is referenced to the 
0)<+|+) resonance fre- 
quency. In (B), high field 
induces inhomogeneous 
broadening, as the spin 

is no longer fully encoded 
in the DPS. (€ and 

D) Simulated spin 
esonance spectrum of 
he driven |+1) states 
corresponding to (A) and 
(B), respectively. Dashed 
white lines indicate 
transition energy spectra 
derived from Floquet 
analysis. (E and 

F) Energy difference Afo 
between the | + 1) and 
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high degree of insensitivity in this range, il- 
lustrating the primary mechanism for the 
largely increased spin coherence times. These 
results, once combined with a phenomenological 
model of the spin energy inhomogeneity (27), 
allow us to quantitatively confirm that residual 
inhomogeneity from magnetic fields still plays 
a role in limiting the spin coherence, even after 
substantial suppression in the DPS. 

We can then apply the analytical energy 
dispersion relations to understand the effect 
of electric noise and temperature fluctuations 
on spin inhomogeneous dephasing in the DPS. 
Electric and temperature fluctuations affect 
the axial and transverse ZFS magnitudes, as 
well as a corresponding detuning of the dress- 
ing drive from the resonance frequency w = 2E. 
We use the undriven spin’s first-order sensitiv- 
ity to electric fields (23) at B = 0 to quantify the 
magnitude of electric field noise present in 
the system (27). In the DPS, we gain first-order 
protection against fluctuations in the ZFS mag- 
nitudes, resulting in increased robustness against 
electric field noise and temperature shifts. This 
leads to a reduction of electrically induced spin 
energy inhomogeneity by nearly two orders 
of magnitude (27) and diminishes electric field 
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of |Wo) = wal +1) + | -1)). Solid lines are the energy differences derived from Floquet analysis with no free 


parameters. Error bars are smaller than the symbol size. 
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contributions in limiting the spin coherence in 
the DPS. Further reduction of electric field con- 
tributions may emerge by applying a dc electric 
field to deplete fluctuating charges (6, 20), po- 
tentially leading to nearly complete elimina- 
tion of electric field noise. 

The energy dispersion relations in the driven 
basis confirm that the spin’s energy levels de- 
pend linearly on the dressing drive Rabi fre- 
quency. Hence, amplitude drifts of the dressing 
drive and corresponding fluctuations in the 
Rabi frequency Q introduce first-order in- 
homogeneity of the dressed spin levels and 
cause shortening of the measured T;. To this 
end, we implement active feedback of the 
dressed spin resonance frequency to counter- 
act these slow drifts and reduce inhomogeneity 
(Fig. 4A). By evaluating an error signal derived 
from Ramsey free precession of the dressed 
spin (Fig. 4B), we measure and correct drifts 
on the order of 30 Hz in the spin resonance 
frequency (27), consistent with the 100 parts 
per million/°C stability of the dressing drive 
oscillator. To validate the effectiveness of our 
feedback protocol, we measure Ramsey free 
precession of |yo) = (| +1) + |-—1)) with 
and without feedback enabled (Fig. 4C). With 
active feedback enabled, we measure our re- 
ported 7; of 22.4(10) ms; when disabled, this 
value shortens to 17.4(10) ms as the dressing 
drive inhomogeneity suppresses the spin’s co- 
herence on the time scale of hours (Fig. 4D). 
These results suggest that by incorporating 
this feedback protocol, we have largely miti- 
gated the effects of dressing drive amplitude 
fluctuations and that noise sources intrinsic to 
the host crystal remain as the limiting factor 
for spin coherence in the DPS. 

The few requirements for successful imple- 
mentation of this protocol allow for immediate 
extension to other quantum systems. Specifi- 
cally, a candidate system must have a coher- 
ently controllable clock transition, where upon 
being driven, the resulting dressed states are 
also coherently controllable (27). Other basally 
oriented defects in SiC (24-26) have transverse 
ZFS magnitudes larger than what has been ob- 
served here and are expected to experience even 
greater coherence protection. Strained diamond 
nitrogen-vacancy centers (J4) may also stand to 
benefit from this protocol. Turning to other sys- 
tems, donor spins in silicon with robust clock 
transitions (27, 28), superconducting qubits op- 
erated at a degeneracy point (29), and molecular 
spins with ZFS or hyperfine interactions (30, 37) 
may be driven to produce a DPS. 

With an extended spin T;, the prospects for 
unity-cooperativity systems between single 
solid-state spins and weakly interacting quan- 
tum systems are more promising. Hartmann- 
Hahn coupling between a pair of spins prepared 
in the DPS can mediate two-qubit interactions 
(18). By mitigating strain inhomogeneity 
through material improvements or dynamical 
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decoupling, an ensemble of n driven spins can 
attain a \/n enhancement in coupling strength, 
providing a near-term avenue toward a high- 
cooperativity coupled system. We have shown 
that the qubit in the DPS is still highly respon- 
sive to resonantly applied magnetic and electric 


control fields, and thus magnetic, electric, and 
acoustic (3, 5) interactions can be used for 
coupling. Lastly, megahertz-scale tuning of 
the dressed spin energy levels allows for rapid 
adjustment of interaction strengths, enabling 
the spin to be an efficient quantum bus. 
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Fig. 4. Active spin resonance feedback. (A) Bloch spheres illustrating the spin resonance feedback 
protocol. See materials and methods for step-by-step details. (B) Applied corrective detuning to the 
frequency of the drive resonant with | + 1) | — 1). During hours 0 to 10, active feedback is applied to 
the spin, and the corrective detuning is derived from a proportional factor of the measured error signal. 


(C) Stabilization of Ramsey free precession of |wo) = 


wal +1) + |—1)) with active spin resonance 


feedback. While active feedback is enabled, the observed Ramsey fringes are stable at the chosen detuning 
of +166.6 Hz. Once disabled, slow drifts in the dressing drive Rabi frequency shift the effective detuning 

of the microwave pulse used to prepare the superposition. Interpolation applied to emphasize fringe 
locations. (D) The Ramsey free precession decay envelope when integrating the individual Ramsey free 
precession iterations in (C), demonstrating the increased inhomogeneity without the feedback process. 
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This protocol is compatible with additional 
forms of noise suppression, including isotopic 
purification, charge depletion, and pulsed dy- 
namical decoupling. The residual electron spin 
energy shifts can be decreased substantially 
by reducing the volume density of fluctuating 
spins in the bath (73, 16, 17). Dynamic tech- 
niques such as spin bath driving (17) and 
hyperpolarization (32) may further reduce 
these contributions. Charge depletion, which 
has led to near-transform-limited optical line- 
widths in divacancies (6, 20), can further 
suppress electric field contributions. We have 
presently demonstrated compatibility with 
pulsed dynamical decoupling using a Hahn- 
echo sequence; higher-order dynamical decou- 
pling sequences may allow for spin coherence 
to rapidly reach the spin-lattice relaxation limit 
with few control pulses. Considering these pro- 
spective avenues, this dressing protocol rep- 
resents a major development for potentially 
improving coherence across a variety of quan- 
tum systems and is a crucial step toward in- 
tegrating SiC divacancies into robust, real-world 
quantum technologies. 
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STELLAR EVOLUTION 


(Sub)stellar companions shape the winds 


of evolved stars 


L. Decin’*, M. Montargés!, A. M. S. Richards®, C. A. Gottlieb*, W. Homan’, I. McDonald®", 

|. El Mellah®°, T. Danilovich’, S. H. J. Wallstrém?’, A. Zijlstra*”, A. Baudry®, J. Bolte’, E. Cannon’, 
E. De Beck’, F. De Ceuster’?°, A. de Koter’”, J. De Ridder’, S. Etoka®, D. Gobrecht’, M. Gray*"2, 
F. Herpin®, M. Jeste’?, E. Lagadec"“, P. Kervella’, T. Khouri®, K. Menten’, T. J. Millar’, 

H. S. P. Miiller””, J. M. C. Plane”, R. Sahai®, H. Sana’, M. Van de Sande’, L. B. F. M. Waters™™"°, 


K. T. Wong”®, J. Yates?° 


Binary interactions dominate the evolution of massive stars, but their role is less clear for low- and 
intermediate-mass stars. The evolution of a spherical wind from an asymptotic giant branch (AGB) star into a 
nonspherical planetary nebula (PN) could be due to binary interactions. We observed a sample of AGB 
stars with the Atacama Large Millimeter/submillimeter Array (ALMA) and found that their winds exhibit 
distinct nonspherical geometries with morphological similarities to planetary nebulae (PNe). We infer 
that the same physics shapes both AGB winds and PNe; additionally, the morphology and AGB mass-loss rate 
are correlated. These characteristics can be explained by binary interaction. We propose an evolutionary 
scenario for AGB morphologies that is consistent with observed phenomena in AGB stars and PNe. 


t the end of their lives, stars with low 

and intermediate masses [0.8 to 8 solar 

masses (/;)] evolve into luminous cool 

red giant stars along the asymptotic 

giant branch (AGB). The Sun will reach 
that phase ~7.7 billion years from now (J). 
During the AGB phase, a star’s radius may 
become as large as 1 astronomical unit (au), 
and its luminosity may reach thousands of 
times the current solar luminosity. The AGB 
phase lasts between ~0.1 and 20 million years, 
with the more massive stars being shorter- 
lived (2). At the start of the AGB phase, stars 
are oxygen rich with a carbon-to-oxygen (C/O) 
ratio <1 and have spectra classified as M-type. 
During the AGB phase, carbon fusion occurs 
in the stellar core, and the product elements 
are brought to the surface by convection. Even- 
tually, the C/O ratio rises above 1, producing 
a carbon star. The AGB phase is characterized 
by a stellar wind with a mass-loss rate greater 
than ~10-°M. year~!. The increase in lumi- 
nosity while a star evolves along the AGB in- 
duces an increase in the mass-loss rate of up to 
~10-*Mz year™! (3). For stars with mass-loss 
rates greater than 10-7 Mo year, the mass- 
loss rate exceeds the hydrogen nuclear burning 
rate in the star’s interior, so mass loss determines 
the further stellar evolution (4). The wind then 
strips away the star’s outer envelope. When the 
remaining envelope constitutes less than ~1% 


of the stellar mass, the star becomes a post- 
AGB star (5). During this short evolutionary 
phase, which takes a few thousand years, the 
temperature of the star increases at constant 
luminosity and it becomes a planetary nebula 
(PN), characterized by a hot central star that 
ionizes the gas ejected during the previous red 
giant phase. The lifetime of a PN is roughly 
20,000 years. The PN then disperses quickly, 
leaving an inert white dwarf, which slowly 
cools (6). 

Planetary nebulae (PNe) have a wide range of 
morphologies, including elliptical, bipolar, and 
butterfly-shaped geometries; the mechanism that 
produces these diverse shapes is unknown (7). 
Whereas ~80% of the AGB stars have a wind with 
overall spherical symmetry (8), <20% of PNe are 
circularly symmetric (9, 70). Various hypotheses— 
including rapidly spinning or strongly magnetic 
single stars (17)—have been proposed to explain 
this morphological metamorphosis, but these 
ideas have been questioned because strong 
asymmetries are not formed efficiently (72). 
Short-period (orbital period Po, < 10 days) 
binary systems (orbital separation a < 0.2 au) 
surrounded by a common gaseous envelope, re- 
ferred to as the common-envelope phase, have 
become the favored hypothesis (13). The pro- 
posed PN-shaping mechanisms operate over a 
short time, either during the final few hundred 
years of the AGB phase or during the early post- 


AGB phase (/4). Identification of the shaping 
mechanism and its time of occurrence is ob- 
servationally challenging, owing to the short 
lifetime of the post-AGB and PN stages; the 
strong observational bias toward detecting 
binary post-AGB stars and PNe with short 
orbital periods (75); and the high mass-loss 
rates at the end of the AGB phase, which sur- 
rounds the star with high-optical depth material 
that obscures the inner workings. 

Observations at high spatial resolution have 
shown that AGB winds may exhibit small-scale 
structural complexity—including arcs, shells, 
bipolar structures, clumps, spirals, tori, and 
rotating disks (76, 77)—embedded in a smooth, 
radially outflowing wind. Only about a doz- 
en AGB winds have been studied in detail 
(18). It has not been possible to determine 
any systematic morphological change during 
the AGB evolution, and the transition from 
the smaller-scale structures observed dur- 
ing the AGB to the PN morphologies is not 
understood. 

In the ALMA ATOMIUM (ALMA Tracing the 
Origins of Molecules In dUst-forming oxygen- 
rich M-type stars) program (/8), we observed a 
sample of oxygen-rich AGB stars spanning a 
range of (circum)stellar parameters and AGB 
evolutionary stages (table S1). We studied the 
wind morphology at spatial resolutions of 
~0.24” and ~1” using the rotational lines of 
CO J = 21, SiO J = 54, and *8SiO J = 
6—5 in the ground vibrational state, where J is 
the rotational angular momentum quantum 
number. These two molecules (CO and SiO) 
have large fractional abundances with respect 
to that of molecular hydrogen and yield com- 
plementary information on the density (CO) 
and morphological and dynamical properties 
close to the stellar surface (SiO). 

Figure 1 shows a gallery of the CO observa- 
tions. None of the sources has a smooth, 
spherical geometry. The images exhibit vari- 
ous structures in common with post-AGB stars 
and PNe: bipolar morphologies with a central 
waist, equatorial density enhancements (EDEs) 
and disk-like geometries, eye-like shapes, spiral- 
like structures, and arcs at regularly spaced 
intervals (18). We infer from these images that 
the same physical mechanism shapes both AGB 
winds and PNe. These data constrain the wind- 
shaping mechanism, while it is in operation, in a 
sample of stars with a range of AGB properties— 
i.e., the data cover the moment in time when 
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AGB morphologies are being transformed into 
aspherical geometries. 

The combination of CO and SiO data pro- 
vides an observational criterion (fig. S2) for 
classifying the prevailing wind morphologies 
(table S2). We find a correlation between the 
AGB mass-loss rate (mM ) and the prevailing ge- 
ometry (Table 1), with a Kendall’s rank cor- 
relation coefficient t, of 0.79 (figs. S3 and S4) 


(18). A dynamically complex EDE is often ob- 
served for oxygen-rich AGB stars with low 
mass-loss rates (which we refer to as “Class 1”), 
a bipolar structure tends to be dominant for 
stars with medium mass-loss rates (“Class 2”), 
and the winds of high mass-loss rate stars pref- 
erentially exhibit a spiral-like structure (“Class 3”). 
Other oxygen-rich AGB stars whose geometry 
was deduced from previous observations follow 


IRC +10011 


Fig. 1. Gallery of AGB winds. Emission maps of 12 AGB stars are shown, derived from the ATOMIUM 

CO J = 21 data. For each star, emission that is redshifted with respect to the local standard of rest 
velocity is shown in red, blueshifted emission is in blue, and rest velocity is in white. The scale bars have an 
angular extent of 1”. Full channel maps and position-velocity diagrams for each source are shown in fig. 
S8 to S65. (A) S Pav, (B) T Mic, (C) U Del, (D) V PsA, (E) R Hya, (F) U Her, (G) x! Gru, (H) R Aql, (1) W Aql, 
(J) GY Aql, (K) IRC -10529, and (L) IRC +10011. For the two other AGB stars that we observed (RW Sco 
and SV Aqr), the signal-to-noise ratio was too low to produce three-color maps, but the individual channels 


show asymmetry (figs. S20 and S28). 
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this same schematic order (table S3). This corre- 
lation suggests that a common mechanism con- 
trols the wind morphology throughout the AGB 
phase and that it depends on the mass-loss rate. 

Among the mechanisms proposed to explain 
asphericity, binary models, including long- 
period systems (Pop 2 1 year, a 2 2 au) (19-21), 
can explain both the morphologies and the cor- 
relation with mass-loss rate (18). Stellar evo- 
lution models (22) show that most AGB stars 
with a mass-loss rate above 10-7 Mo year~!— 
including all of those in the ATOMIUM 
sample—have masses above ~1.5 Mo. Stellar 
and substellar (including brown dwarfs and 
planets) binary population statistics (23, 24) 
indicate that stars with these masses have, 
on average, =1 companion(s) with masses 
above ~5 Jupiter masses (18). Binary interac- 
tion is known to dominate the evolution of 
more massive stars (25). We conjecture that 
(sub)stellar binary interaction is the dominant 
wind-shaping agent for most AGB stars with a 
mass-loss rate that exceeds the nuclear burning 
rate. Our conjecture is supported by the grow- 
ing number of detected aspherical PNe whose 
binary central stars have a long-period orbit 
(Porb 2 lyear), not undergoing a common- 
envelope evolution (/8). 

On the assumption that binary interaction 
dominates, we derive (8) an analytical rela- 
tion that estimates the probability of a binary 
system forming a (possibly rotating) EDE struc- 
ture (large value of Q”) or being dominated by a 
spiral-like structure (low value of Q’) (78) 


@= 832 1 1 (Mase) (26) 
“~ (1-e) fy \ Mo Mos 


‘ -1 
( a yee M 
1au 10° Mz year~! 


where e is the eccentricity of the orbit, f,, is 
the fraction of the stellar wind mass present 
at a radial distance r = a, and M,. and mcomp 
are the mass of the primary star and com- 
panion, respectively. This relation holds for 
a wind velocity at r = a that is lower than the 
orbital velocity, and it can be reformulated 
for the case of a high wind velocity (18). Our 
analytical relation supports the correlation 
observed in the ATOMIUM data. Higher mass- 
loss rate or orbital separation leads to lower 
injection of angular momentum into the ini- 
tially spherical AGB wind by interactions with 
the orbiting companion and weaker shaping 
of the material along the orbital plane into an 
EDE, a circumbinary disk, or an accretion disk 
(18). Wide binaries, with a separation up to 
tens of astronomical units, produce a spiral-like 
structure (19). 

The observed transition of the wind morphol- 
ogy during the AGB phase applies to oxygen- 
rich AGB stars, whereas carbon-rich winds most 
often display a (broken) spiral-like structure 
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AGB evolution 
M increases 
primary mass decreases 


< orbit widens (aj,; > 20 au) : . 
Close-by companions- - - - - - - ------------------------------------------------------------------ > wide companions 


EDE/disk ————————- Bipolar “oc 
M low M medium 


NBS NBS 


Fig. 2. Schematic illustration of our inferred evolution of wind morphology during the AGB phase. Most (sub)stellar companions have initial orbits (a;,;) greater 
than 20 au (24). These orbits widen during AGB evolution because the stellar mass decreases. Binary systems with close-orbiting companions often have a high- 
density EDE and accretion disk (orange) and complex inner wind dynamics. For increasingly wider orbits and higher mass-loss rates, the prevailing outflow morphology 
initially transitions to a bipolar structure (blue shading) and then to a regularly spaced spiral structure. EDEs or accretion disks can be present at these later stages, 
but at lower density. 


Table 1. Wind characteristics of the AGB stars in the ATOMIUM sample. The first six columns contain the source name, luminosity (in units of solar 
luminosity, Lo), mass-loss rate, wind velocity based on the 2CO J = 21 line (Vwing), the identification of arc morphologies in the CO J = 21 channel map, 
and the SiO wind dynamics characterizing the velocity field (v) in the vicinity of the AGB star as derived from our ALMA data (figs. S8 to S65 and table S2) 
(18). The stars are ordered by increasing mass-loss rate. The last column indicates objects with similar wind characteristics. Class 1 designates sources with 
multiple density arcs and dynamically complex inner wind structures, with signs of a biconical outflow and/or rotation, shaping the wind in an EDE. Class 2 
indicates a bipolar structure, sometimes with additional hourglass morphology in the CO channel maps. Class 3 denotes large density arc(s), often with a 
recognizable spiral-like structure. 


Name Luminosity Mass-loss rate Vwind oie oe SiO inner ATOMIUM 
(Lo) (Mo year”) (km s*) ee By wind dynamicst classification 
Skewed rotating Class 1 
RE RES CT ere nD A rc nce CARTE Nod PID MENT GA RCT TS BODEN AONE oe Bere OE NNER EMSC PAE LON Oe VUE IIT aera ee ane nate ae 
Class 1 


Class 2 


Class 2 


R Hya 7375 4.0 x 107 22 O-XX : Class 2 
~ v-field 


Class 2 


RC +10011 13914 1.9 x 10-5 XXX n ynamics Class 3 


*(x): faint arc. x: several arcs with extent <180° c-xx: circular or elliptical arc centered on the star. o-xx: arcs symmetrically offset from the central star. a-xx: pronounced asymmetric arcs. xxx: 
more than one arc with extent >270° linked to a (complex) spiral structure. {Skewed rotating v-field: systematic but complex signs of rotation; the v = 0 signature in the map of the 
intensity-weighted velocity field (momentl map) is skewed. Bipolar/rotating flow: a directed bipolar flow or an EDE/disk-like structure, sometimes with Keplerian rotation. Dash: no conclusion 
could be drawn, sometimes because the signal-to-noise ratio of the SiO data was too low (low S/N). Complex dynamics: a clear blueshifted and redshifted velocity structure in the momentl map, 
but no obvious systematic rotation can be deduced. 
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(18). We attribute this difference to stronger 
wind acceleration for carbon-rich stars than for 
oxygen-rich stars, owing to the different dust 
compositions (fig. S5). Stronger acceleration 
results in a smaller geometrical region in which 
the velocity field is nonradial, a lower probability 
of forming an EDE, and a smaller radius beyond 
which the wind shows a self-similar morphol- 
ogy (18). This implies that carbon-rich AGB stars 
are more commonly surrounded by an expand- 
ing and self-similar spiral structure, consistent 
with past observations (18). Although EDEs 
may form in carbon-rich winds, we expect EDEs 
to be more common around oxygen-rich AGB 
stars with low rates of mass loss and slowly 
accelerating winds (78). 

Observations of binary companions around 
AGB progenitor stars indicate that the highest 
fraction of binary companions occurs at an 
orbital distance greater than ~20 au (23). We 
calculate (78) that those orbits will widen 
during the AGB evolution as the mass-loss 
rate increases (figs. S6 and S7). This implies 
that early-type AGB stars with low rates of 
mass loss will often have an EDE, with com- 
plex flow patterns, and the wind of late-type 
AGB stars with high rates of mass loss is mainly 
shaped by spiral structures (Fig. 2). Our results 
also imply that the effects of planets around 
evolved stars are more easily detected in early- 
type oxygen-rich AGB stars (/8). 

Our proposed evolutionary scheme for AGB 
wind morphologies can explain multiple AGB, 
post-AGB, and PN phenomena (J8), including 
why (i) circular detached shells are detected al- 
most exclusively around carbon-rich AGB stars 
(26); (ii) disks are mainly found around oxygen- 
rich post-AGB and PN binaries (15); (iii) carbon- 
rich stars can be surrounded by silicate dust (27); 
(iv) PNe in the bulge of the Milky Way can have 
a mixed carbon-and-oxygen chemistry (28); (v) 
post-AGB envelopes can be classified according 
to two distinct morphological types (29); (vi) 
post-AGB binaries can have nonzero eccentric- 
ities with values as high as 0.3 (30); and (vii) 
there is a low fraction of round PNe (9, J0). 
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Structure-based design of prefusion-stabilized 
SARS-CoV-2 spikes 


Ching-Lin Hsieh’, Jory A. Goldsmith’, Jeffrey M. Schaub’, Andrea M. DiVenere”, Hung-Che Kuo’, 
Kamyab Javanmardi’, Kevin C. Le?, Daniel Wrapp’, Alison G. Lee’, Yutong Liu®, Chia-Wei Chou?, 
Patrick 0. Byrne’, Christy K. Hjorth’, Nicole V. Johnson’, John Ludes-Meyers?, Annalee W. Nguyen?, 
Juyeon Park?, Nianshuang Wang", Dzifa Amengor’, Jason J. Lavinder’”, Gregory C. Ippolito, 
Jennifer A. Maynard“, Ilya J. Finkelstein'**, Jason S. McLellan’* 


The coronavirus disease 2019 (COVID-19) pandemic has led to accelerated efforts to develop therapeutics 
and vaccines. A key target of these efforts is the spike (S) protein, which is metastable and difficult to 
produce recombinantly. We characterized 100 structure-guided spike designs and identified 26 individual 
substitutions that increased protein yields and stability. Testing combinations of beneficial substitutions 
resulted in the identification of HexaPro, a variant with six beneficial proline substitutions exhibiting 
higher expression than its parental construct (by a factor of 10) as well as the ability to withstand heat 
stress, storage at room temperature, and three freeze-thaw cycles. A cryo-electron microscopy structure 
of HexaPro at a resolution of 3.2 angstroms confirmed that it retains the prefusion spike conformation. 
High-yield production of a stabilized prefusion spike protein will accelerate the development of vaccines 
and serological diagnostics for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). 


neous preparations of prefusion spikes and 
greatly increased yields (71). These variants 
(S-2P) contained two consecutive proline sub- 
stitutions in the $2 subunit in a turn between 


evere acute respiratory syndrome coro- 
navirus 2 (SARS-CoV-2) is a novel beta- 
coronavirus that emerged in Wuhan, 
China in December 2019 and is the caus- 


ative agent of the coronavirus disease 
2019 (COVID-19) pandemic (1, 2). Effective 
vaccines, therapeutic antibodies, and small- 
molecule inhibitors are urgently needed, and 
the development of these interventions is pro- 
ceeding rapidly. Coronavirus virions are dec- 
orated with a spike (S) glycoprotein that binds 
to host cell receptors and mediates cell entry 
via fusion of the host and viral membranes 
(3). Binding of the SARS-CoV-2 spike to the 
angiotensin-converting enzyme 2 (ACE2) re- 
ceptor (4-6) triggers a large conformational 
rearrangement of the spike from a metastable 
prefusion conformation to a highly stable post- 
fusion conformation, facilitating membrane 
fusion (7, 8). Attachment and entry are essen- 
tial for the viral life cycle, making the S protein 
a primary target of neutralizing antibodies and 
a critical vaccine antigen (9, 10). 

Prefusion stabilization tends to increase the 
recombinant expression of viral fusion glyco- 
proteins, possibly by preventing triggering or 
misfolding that results from a tendency to 
adopt the more stable postfusion structure. 
Prefusion-stabilized viral glycoproteins are 
also superior immunogens to their wild-type 
counterparts (17-13). Structure-based design 
of prefusion-stabilized MERS-CoV and SARS- 
CoV spike ectodomains resulted in homoge- 
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the central helix and heptad repeat 1 (HR1) that 
must transition to a single, elongated o helix in 
the postfusion conformation. These S-2P spikes 
have been used to determine high-resolution 


structures by cryo-electron microscopy (cryo- 
EM) (/4-17), including for SARS-CoV-2 (J8, 19), 
and have accelerated the development of vac- 
cine candidates. However, even with these sub- 
stitutions, the SARS-CoV-2 S-2P ectodomain is 
unstable and difficult to produce reliably in 
mammalian cells, hampering biochemical re- 
search and development of subunit vaccines. 

To generate a prefusion-stabilized SARS- 
CoV-2 spike protein that expresses at higher 
levels and is more stable than our original S-2P 
construct (18), we analyzed the SARS-CoV-2 
S-2P cryo-EM structure (PDB ID 6VSB) and 
designed substitutions based on knowledge of 
class I viral fusion protein function and general 
protein stability principles. These strategies in- 
cluded the introduction of disulfide bonds to 
prevent conformational changes during the 
prefusion-postfusion transition, salt bridges 
to neutralize charge imbalances, hydrophobic 
residues to fill internal cavities, and prolines 
to cap helices or stabilize loops in the prefu- 
sion state. We cloned 100 single S-2P variants 
and characterized their relative expression 
levels (table S1), and for those that expressed 
well, we characterized their monodispersity, 
thermostability, and quaternary structure. Giv- 
en that the $2 subunit undergoes large-scale 
refolding during the prefusion-postfusion tran- 
sition, we exclusively focused our efforts on 
stabilizing S2. Substitutions of each category 
were identified that increased expression while 


Fig. 1. Exemplary substitutions for SARS-CoV-2 spike stabilization. The main image is a side view of the 
trimeric SARS-CoV-2 spike ectodomain in a prefusion conformation (PDB ID 6VSB). The S1 domains are 
shown as a transparent molecular surface. The S2 domain for each protomer is shown as a ribbon diagram. 
Each inset corresponds to one of four types of spike modification: proline, salt bridge, disulfide, and cavity 
filling. Side chains in each inset are shown as red spheres (proline), yellow sticks (disulfide), red and 


blue sticks (salt bridge), and orange spheres (cavity filling). 
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maintaining the prefusion conformation (Fig. 1 
and Fig. 2A). Overall, 26 of the 100 single- 
substitution variants had higher expression 
than S-2P (table S1). 

One common strategy to stabilize class I fu- 
sion proteins is to covalently link a region that 
undergoes a conformational change to a region 
that does not via a disulfide bond. For instance, 
the Q965C/S1003C (GiIn°® — Cys, Ser'°°? 
Cys) substitution aims to link HRI to the cen- 
tral helix, whereas G799C/A924C (Gly? > 
Cys, Ala??* — Cys) aims to link HR1 to the 
upstream helix. Relative to S-2P, these two var- 
iants boosted protein expression by factors of 
3.8 and 1.3, respectively (Fig. 2B). However, the 
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Fig. 2. Characterization of single-substitution spike variants. (A) SDS- 
polyacrylamide gel electrophoresis (PAGE) of SARS-CoV-2 S-2P and single- 
substitution spike variants. Molecular weight standards are indicated at the left 
in kDa. (B to D) Size-exclusion chromatography traces of purified spike variants, 
grouped by type: disulfide variants (B), cavity filling and salt bridge variants 
(C), and proline variants (D). A vertical dotted line indicates the characteristic 
peak retention volume for S-2P. (E) Representative negative-stain electron 
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size-exclusion chromatography (SEC) traces of 
both variants showed a leftward shift relative 
to S-2P, indicating that the proteins were run- 
ning larger than expected, which agreed well 
with negative-stain electron microscopy (nsEM) 
results that showed partially misfolded spike 
particles (fig. SI). Although introduction of 
disulfide bonds has been successful in the case 
of HIV-1 Env (SOSIP) and RSV F (DS-Cav1) 
(72, 20), it generally had detrimental effects for 
SARS-CoV-2 S, but there were a few exceptions. 
The S884C/A893C (Ser*** — Cys, Ala®°? — Cys) 
and T791C/A879C (Thr! —> Cys, Ala®” — Cys) 
variants eluted on SEC at a volume similar to 
S-2P and were well-folded trimeric particles by 
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nsEM (Fig. 2E). These variants link the same a 
helix to two different flexible loops that pack 
against a neighboring protomer (Fig. 1). No- 
tably, the expression of S884C/A893C was 
double that of S-2P, with slightly increased 
thermostability (Fig. 2, F and G). 
Introducing a salt bridge at the HIV-1 gp120- 
gp41 interface has been shown to boost expres- 
sion and enhance the binding of trimer-specific 
antibodies (27). On the basis of a similar prin- 
ciple, the T961D (Thr°®! — Asp) and G769E 
(Gly’° — Glu) substitutions were introduced 
to form interprotomeric electrostatic inter- 
actions with Arg”® and Arg’°™, respectively 


(Fig. 1). Both variants increased expression 
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micrographs for four variants. (F) Differential scanning fluorimetry analysis of 
spike variant thermostability. The vertical dotted line indicates the first apparent 
-2P. (G) Expression levels of individual variants 
determined by quantitative biolayer interferometry. Variants are colored by 
type. The horizontal dotted line indicates the calculated concentration of 

S-2P, which was used as a control for comparison. Data are means + SD of 
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and resembled well-folded trimeric spikes 
(Fig. 2, C and E, fig. $2, and table S1). In ad- 
dition to salt bridges, filling loosely packed 
hydrophobic cores that allow the protein to 
refold can help to stabilize the prefusion state, 
as shown by previous cavity-filling substitu- 
tions in RSV F and HIV-1 Env (22, 20, 22). Here, 
the L938F (Leu®** — Phe) substitution was de- 


signed to fill a cavity formed in part by HR1, 
the fusion peptide, and a B hairpin (Fig. 1). This 
substitution resulted in a factor of 2 increase in 
expression (Fig. 2C) that was additive in com- 
bination with disulfide or proline substitutions 
(table $2). 

Previous successes using proline substitu- 
tions inspired us to investigate 14 individual 
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variants wherein a proline was substituted 
into flexible loops or the N termini of helices 
in the fusion peptide, HR1, and the region 
connecting them (CR) (Fig. 2, D and G, and 
table S1). As expected, multiple proline variants 
boosted the protein expression and increased 
the thermostability (Fig. 2, D, F, and G). Two 
of the most successful substitutions, F817P 
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Fig. 3. Characterization of multi-substitution spike variants. (A) SDS-PAGE 
of SARS-CoV-2 Combo variants. Molecular weight standards are indicated at the left in 
kDa. (B) SEC traces for S-2P, A892P, and four Combo variants. The vertical dotted 
line indicates the peak retention volume for S-2P. (C) Differential scanning fluorimetry 
analysis of Combo variant thermostability. The black vertical dotted line indicates 


the first apparent melting temperature for S-2P; the green vertical dotted line 
indicates the first apparent melting temperature for Combo47 (HexaPro). 

(D) Negative-stain electron micrograph of purified Combo47 (HexaPro). (E) Binding 
of S-2P or HexaPro to convalescent human sera, mAb CR3022, and negative 
control serum (GNEG), measured by enzyme-linked immunosorbent assay. 


SARS-CoV-2 


Fig. 4. High-resolution cryo-EM structure of HexaPro. (A) EM density map of 
trimeric HexaPro. Each protomer is shown in a different color; the protomer 
depicted in wheat adopts the RBD-up conformation. (B) Alignment of an 
RBD-down protomer from HexaPro (green ribbon) with an RBD-down protomer 
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from S-2P (white ribbon; PDB ID 6VSB). (C) Zoomed-in view of the four proline 
substitutions unique to HexaPro. The EM density map is shown as a transparent 
surface and individual atoms are shown as sticks. Blue, nitrogen atoms; 

red, oxygen atoms. 
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(Phe®"” — Pro) and A942P (Ala°*? — Pro), 
exhibited increases in protein yield relative 
to S-2P by factors of 2.8 and 6.0, respectively. 
The A942P substitution further increased the 
melting temperature (7,,) by ~3°C, and both 
variants appeared as well-folded trimers by 
nsEM (Fig. 2E and fig. $2). This result is rem- 
iniscent of previous successful applications of 
proline substitutions to class I fusion proteins 
including HIV-1 Env, influenza HA, RSV F, 
hMPV F, MERS-CoV S, Lassa GPC, and Ebola 
GP (11, 12, 22-26). 

We next generated combination (“Combo”) 
variants that combined the best-performing 
substitutions from our initial screen. The ex- 
pression of the Combo variants containing 
two disulfide bonds was generally half that 
of the single-disulfide variants, which suggests 
that they interfered with each other (table $2). 
Adding one disulfide (S884C/A893C) to a 
single proline variant (F817P) also reduced 
the expression level, although the quaternary 
structure of the spikes was well maintained 
(table S2, Combo40). The beneficial effect of 
a disulfide bond was most prominent when 
combined with L938F, a cavity-filling variant. 
Combo23 (S884C/A893C, L938F) had higher 
protein yields than either of its parental variants, 
but the 7, of Combo23 did not increase rela- 
tive to S884C/A893C (fig. S3). In addition, mix- 
ing one cavity-filling substitution with one 
proline substitution (Combo20) increased the 
expression relative to L938F alone (table S2). 

Combining multiple proline substitutions 
resulted in the most substantial increases in 
expression and stability (Fig. 3A). Combo14, 
containing A892P (Ala®°? Pro) and A942P, 
had a factor of 6.2 increase in protein yield 
relative to A892P alone (Fig. 3B). Adding a 
third proline, A899P (Ala®% — Pro) (Combo45), 
increased thermostability (T,, = +1.2°C) but 
did not further increase expression (Fig. 3C). 
Combo46 (A892P, A899P, F817P) had a factor 
of 3.4 increase in protein yield and a 3.3°C rise 
in T,, as compared to A892P. The most prom- 
ising variant, Combo4’7, renamed HexaPro, con- 
tains all four beneficial proline substitutions 
(F817P, A892P, A899P, A942P) as well as the 
two proline substitutions in S-2P. HexaPro dis- 
played higher expression than S-2P by a factor 
of 9.8, had a ~5°C increase in T,,, and retained 
the trimeric prefusion conformation (Fig. 3D). 
We focused on this construct for additional 
characterization. 

To assess the viability of HexaPro as a po- 
tential vaccine antigen or diagnostic reagent, 
we comprehensively examined large-scale pro- 
duction in FreeStyle 293-F cells, feasibility of 
protein expression in ExpiCHO cells, epitope 
integrity, and protein stability. We were able 
to generate ~21 mg of HexaPro from 2 liters of 
FreeStyle 293-F cells, or 10.5 mg/liter, which 
represents an improvement over S-2P by more 
than an order of magnitude (78). Large-scale 
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HexaPro preparations retained a monodisperse 
SEC peak corresponding to the molecular 
weight of a glycosylated trimer (fig. S4A) and 
were indistinguishable from S-2P by nsEM 
(fig. S4B). Industrial production of recombi- 
nant proteins typically relies on CHO cells 
rather than HEK293 cells. We thus investi- 
gated HexaPro expression in ExpiCHO cells 
via transient transfection. ExpiCHO cells pro- 
duced 1.3 mg of well-folded protein per 40 ml 
of culture, or 32.5 mg/liter (fig. S4, C and D). In 
addition, the binding kinetics of HexaPro to 
the human ACE2 receptor were comparable to 
those of S-2P (fig. $4, E and F), with affinities 
of 13.3 nM and 11.3 nM, respectively. HexaPro 
remained folded in the prefusion conformation 
after three cycles of freeze-thaw, 2 days of incuba- 
tion at room temperature, or 30 min at 55°C (fig. 
S4, G and H). In contrast, S-2P showed signs of 
aggregation after three cycles of freeze-thaw and 
began unfolding after 30 min at 50°C. HexaPro 
reacted to human convalescent sera and to 
receptor-binding domain (RBD)-specific mono- 
clonal antibody (mAb) CR3022 (27) similarly to 
S-2P, which suggests that the antigenicity of 
HexaPro is well preserved (Fig. 3E). Collect- 
ively, these data indicate that HexaPro is a 
promising candidate for SARS-CoV-2 vaccine 
and diagnostic development. 

To confirm that the stabilizing substitutions 
did not lead to any unintended conformational 
changes, we determined the cryo-EM structure 
of SARS-CoV-2 S HexaPro. From a single data- 
set, we were able to obtain high-resolution 3D 
reconstructions for two distinct conformations 
of S: one with a single RBD in the up con- 
formation and the other with two RBDs in the 
up conformation. This two-RBD-up conforma- 
tion was not observed during previous struc- 
tural characterization of SARS-CoV-2 S-2P 
(18, 19). Although it is tempting to speculate 
that the enhanced stability of S2 in HexaPro 
allowed us to observe this less stable interme- 
diate, validating this hypothesis will require 
further investigation. Roughly one-third (30.6%) 
of the particles were in the two-RBD-up con- 
formation, leading to a 3.20 A reconstruction. 
The remaining particles were captured in the 
one-RBD-up conformation, although some flex- 
ibility in the position of the receptor-accessible 
RBD prompted us to remove a subset of one- 
RBD-up particles that lacked clear density for 
this domain, resulting in a final set of 85,675 
particles that led to a 3.21 A reconstruction 
(Fig. 4A and figs. S5 and S6). Comparison of 
our one-RBD-up HexaPro structure with the 
previously determined 3.46 A S-2P structure 
revealed a RMSD of 1.2 A over 436 Co. atoms 
in S2 (Fig. 4B). The relatively high resolution of 
this reconstruction allowed us to confirm that 
the stabilizing proline substitutions did not 
distort the S2 subunit conformation (Fig. 4). 

The high yield and enhanced stability of 
HexaPro should enable industrial production 
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of subunit vaccines and could also improve 
DNA- or mRNA-based vaccines by producing 
more antigen per nucleic acid molecule, thus 
improving efficacy at the same dose or main- 
taining efficacy at lower doses. It is our hope 
that this work will accelerate the production of 
prefusion spikes to mitigate the public health 
emergency and has broad implications for 
next-generation coronavirus vaccine design. 
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Structural basis for neutralization of SARS-CoV-2 and 
SARS-CoV by a potent therapeutic antibody 


Zhe Lv'*, Yong-Qiang Deng**, Qing Ye°*, Lei Cao’, Chun-Yun Sun**, Changfa Fan>“, Weijin Huang®, 
Shihui Sun?, Yao Sun’, Ling Zhu’, Qi Chen?, Nan Wang??, Jianhui Nie®, Zhen Cui??, Dandan Zhu?, 
Neil Shaw’, Xiao-Feng Li®, Qianqian Li®, Liangzhi Xie*”*+, Youchun Wang‘t, Zihe Rao‘+, 


Cheng-Feng Qin*+, Xiangxi Wang’?+ 


The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) has resulted in an unprecedented public health crisis. There are no 
approved vaccines or therapeutics for treating COVID-19. Here we report a humanized monoclonal 
antibody, H014, that efficiently neutralizes SARS-CoV-2 and SARS-CoV pseudoviruses as well 

as authentic SARS-CoV-2 at nanomolar concentrations by engaging the spike (S) receptor binding 
domain (RBD). H0O14 administration reduced SARS-CoV-2 titers in infected lungs and prevented 
pulmonary pathology in a human angiotensin-converting enzyme 2 mouse model. Cryo-electron 
microscopy characterization of the SARS-CoV-2 S trimer in complex with the H014 Fab fragment 
unveiled a previously uncharacterized conformational epitope, which was only accessible when 
the RBD was in an open conformation. Biochemical, cellular, virological, and structural studies 
demonstrated that H0O14 prevents attachment of SARS-CoV-2 to its host cell receptors. Epitope 
analysis of available neutralizing antibodies against SARS-CoV and SARS-CoV-2 uncovered broad 
cross-protective epitopes. Our results highlight a key role for antibody-based therapeutic 


interventions in the treatment of COVID-19. 


he coronavirus disease 2019 (COVID-19) 

pandemic has afflicted >7 million people 

in more than 200 countries and regions, 

resulting in 400,000 deaths as of 8 June, 

according to the World Health Organi- 
zation. The etiological agent of this pandemic 
is the newly emerging coronavirus, severe acute 
respiratory syndrome coronavirus 2 (SARS- 
CoV-2), which, together with the closely related 
SARS-CoV, belongs to the lineage B of the 
genus Betacoronavirus in the Coronaviridae 
family (7). Sharing an amino acid sequence 
identity of ~80% in the envelope-located 
spike (S) glycoprotein, both SARS-CoV-2 and 
SARS-CoV use human angiotensin-converting 
enzyme 2 (hACE2) to enter host cells. Cel- 
lular entry is achieved by the homotrimeric 
S-mediated virus-receptor engagement through 
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the receptor-binding domain (RBD) followed 
by virus-host membrane fusion (J, 2). Abroga- 
tion of this crucial role played by the S protein 
in the establishment of an infection is the main 
goal of neutralizing antibodies and the focus 
of therapeutic interventions as well as vaccine 
design (3-6). Several previously characterized 
SARS-CoV neutralizing antibodies (NAbs) were 
demonstrated to exhibit very limited neutral- 
ization activities against SARS-CoV-2 (7-9). 
Among these, CR3022, a weakly neutralizing 
antibody against SARS-CoV, is tight binding, 
but non-neutralizing for SARS-CoV-2, indica- 
tive of possible conformational differences in 
the neutralizing epitopes (9). More recent 
studies have reported two SARS-CoV neutral- 
izing antibodies, 47D11 and S309, that have 
been shown to neutralize SARS-CoV-2 as well 
(10, 12), suggesting that broad cross-neutralizing 
epitopes exist within lineage B. Convalescent 
plasma containing SARS-CoV-2 NAbs have been 
shown to confer clear protection in COVID-19 
patients (12, 13), yet gaps in our knowledge 
concerning the immunogenic features and key 
epitopes of SARS-CoV-2 have hampered the 
development of effective immunotherapeutics 
against the virus. 

The RBDs of SARS-CoV and SARS-CoV-2 
have an amino acid sequence identity of around 
75%, raising the possibility that RBD-targeting 
cross-neutralizing NAbs could possibly be iden- 
tified. Using a phage display technique, we 
constructed an antibody library that was 
generated from RNAs extracted from periph- 
eral lymphocytes of mice immunized with 
recombinant SARS-CoV RBD. SARS-CoV-2 
RBD was used as the target for screening 
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the phage antibody library for potential hits. 
Antibodies that showed tight binding for 
SARS-CoV-2 RBD were further propagated as 
chimeric antibodies and tested for neutraliz- 
ing activities with a vesicular stomatitis virus 
(VSV)-based pseudotyping system (fig. SI) (/4). 
Among the antibodies tested, clone 014, which 
showed potent neutralizing activity against 
SARS-CoV-2 pseudovirus, was humanized and 
named H014. To evaluate the binding affin- 
ities, we monitored real-time association and 
dissociation of HO14 binding to either SARS- 
CoV-2 RBD or SARS-CoV RBD using the OCTET 
system (Fortebio). Both H014 immunoglobulin 
G (IgG) and Fab fragments exhibited tight bind- 
ing to both RBDs with comparable binding 
affinities at subnanomolar concentrations for 
SARS-CoV-2 RBD and SARS-CoV RBD, respec- 
tively (Fig. 1A and fig. S2). Pseudovirus neu- 
tralization assays revealed that H014 has potent 
neutralizing activities: a 50% neutralizing 
concentration value (IC;,) of 3nM and 1nM 
against SARS-CoV-2 and SARS-CoV pseudo- 
viruses, respectively (Fig. 1B). Plaque-reduction 
neutralization test (PRNT) conducted against 
an authentic SARS-CoV-2 strain (BetaCoV/ 
Beijing/AMMS01/2020) verified the neutral- 
izing activities with an ICs, of 38 nM, 10-fold 
lower than those observed in the pseudotyp- 
ing system (Fig. 1C). We next sought to assess 
in vivo protection efficacy of HO14 in our pre- 
viously established hACE2 humanized mouse 
model that was sensitized to SARS-CoV-2 in- 
fection (75). In this model, as a result of hACE2 
expression on lung cells, SARS-CoV-2 gains 
entry into the lungs and replicates as in a hu- 
man disease, exhibiting lung pathology at 5 days 
post-infection (dpi). hACE2-humanized mice 
were treated by intraperitoneal injection of 
HO14 at 50 mg per kilogram of body weight 
either 4 hours after (one dose, therapeutic) or 
12 hours before and 4 hours after (two doses, 
prophylactic plus therapeutic) intranasal in- 
fection with 5 x 10° plaque-forming units (PFU) 
of SARS-CoV-2 (BetaCoV/Beijing /AMMSO1/ 
2020). All challenged animals were sacrificed 
at day 5. Whereas the viral loads in the lungs 
of the phosphate-buffered saline (PBS) group 
(control) increased rapidly to ~10’ RNA copies/g 
at day 5 (Fig. 1D), in the prophylactic and 
prophylactic plus therapeutic groups, H014 
treatment resulted in a ~10-fold and 100-fold 
reduction of viral titers in the lungs at day 5, 
respectively (Fig. 1D). Lung pathology analysis 
showed that SARS-CoV-2 caused mild inter- 
stitial pneumonia characterized by inflamma- 
tory cell infiltration, alveolar septal thickening, 
and distinctive vascular system injury upon 
PBS treatment. By contrast, no obvious lesions 
of alveolar epithelial cells or focal hemorrhage 
were observed in the lung sections from mice 
that received HO14 treatment (Fig. 1E), indic- 
ative of a potential therapeutic role for H014 in 
treating COVID-19. 
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Fig. 1. H014 is a lineage B cross- A 
neutralizing antibody of therapeutic 

value. (A) Affinity analysis of the binding 

of HO14 to RBD of SARS-CoV-2 and 2.0 
SARS-CoV. Biotinylated RBD proteins of 
(upper) SARS-CoV-2 or (lower) SARS- 
CoV were loaded on Octet SA sensor and 
tested for real-time association and 
dissociation of the HO14 antibody. Global ooF 
fit curves are shown as black dotted 
lines. The vertical dashed lines indicate 
the transition between association and 
disassociation phases. (B) Neutralizing 
activity of HO14 against SARS-CoV-2 and 
SARS-CoV pseudoviruses (PSV). Serial 
dilutions of HO14 were added to test its 
neutralizing activity against (upper) 
SARS-CoV-2 and (lower) SARS-CoV PSV. a6 
eutralizing activities are represented 0 
as mean + SD. Experiments were 

performed in triplicate. (C) In vitro E 
neutralization activity of HO14 against 

SARS-CoV-2 by PRNT in Vero cells. 

Neutralizing activities are represented 

as mean + SD. Experiments were per- 

formed in duplicate. (D) Groups of hACE2 

mice challenged with SARS-CoV-2 were 

treated intraperitoneally with HO14 in two 
independent experimental settings: (i) a 

single dose at 4 hours after infection 

(therapeutic, T); and (ii) two doses at 
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The overall structure of SARS-CoV-2 S trimer 
resembles those of SARS-CoV and other corona- 
viruses. Each monomer of the S protein is 
composed of two functional subunits. The S1 
subunit binds the host cell receptor, whereas 
the S2 subunit mediates fusion of the viral 
membrane with the host cell membrane (2, 6). 
The four domains within S1 include N-terminal 
domain (NTD), RBD, and two subdomains (SD1 
and SD2), the latter of which are positioned 
adjacent to the S1 and S2 cleavage site. Hinge- 
like movements of the RBD give rise to two 
distinct conformational states referred to as 
“close” and “open,” where close corresponds 
to the receptor-inaccessible state and open 
corresponds to the receptor-accessible state, 
which is reported to be metastable (77-20). 
Cryo-electron microscopy (cryo-EM) charac- 
terization of the stabilized SARS-CoV-2 S 
ectodomain in complex with the H014 Fab 
fragment revealed that the complex adopts 
three distinct conformational states, corre- 
sponding to one RBD open + two RBDs closed 
(state 1), two RBDs open + one RBD closed 
(state 2), and all three open RBDs (state 3) (Fig. 
2A). The structure of the completely closed 
(state 4) SARS-CoV-2 S trimer without any 
Fab bound was also observed during three- 
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dimensional (3D) classification of the cryo-EM 
data, albeit in the presence of excessive Fab, 
suggesting that the binding sites of H014 are 
exposed through protein “breathing” followed 
by a stochastic RBD movement (Fig. 2A). We 
determined asymmetric cryo-EM reconstruc- 
tions of the four states at 3.4: to 3.6 A (figs. S3 
to S6 and table S1). However, the electron po- 
tential maps for the binding interface between 
RBD and HO!14 are relatively weak, owing to 
conformational heterogeneity. To solve this 
problem, we performed focusing classification 
and refinement by using a “block-based” re- 
construction approach to further improve the 
local resolution up to 3.9 A, enabling reliable 
analysis of the interaction mode (figs. S5 and 
S6). Detailed analysis of the interactions be- 
tween H014 and S was done using the binding 
interface structure. 

HO014 recognizes a conformational epitope 
on one side of the open RBD, only involving 
protein-protein contacts, distinct from the 
receptor-binding motif (RBM) (Fig. 2B). The 
HO014 paratope constitutes all six complementary- 
determining region (CDR) loops (CDRLI to -3 
and CDRHI to -3) and the unusual heavy- 
chain framework (HF-R, residues 58 to 65) 


that forges tight interactions with the RBD, 
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Ab Conc. (nM) 
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2 hours before and 4 hours after challenge (prophylactic plus therapeutic, P+T). Virus titers in the lungs were measured 5 days post-infection (dpi) and are presented 
as RNA copies per gram of lung tissue. n = 7, 3, and 3, respectively; (n: number of independent experiments of each group). *P < 0.05, **P < 0.01. Red dashed 
ine represents limit of detection. (E) Histopathological analysis of lung samples at 5 dpi. Scale bars, 100 um. 


resulting in a buried area of ~1000 A? (Fig. 
2C). Variable domains of the light chain and 
heavy chain contribute ~32 and 68% of the 
buried surface area, respectively, through hy- 
drophobic and hydrophilic contacts. The H014 
epitope is composed of 21 residues, primarily 
located in the o2-B2-n2 (residues 368 to 386), 
73 (residues 405 to 408 and 411 to 413), 04 
(residue 439), and n4 (residues 503) regions, 
which construct a cavity on one side of the 
RBD (Fig. 2, B and D, and fig. $7). The 12- 
residue-long CDRH3 inserts into this cavity, 
and the hydrophobic residue (YDPYYVM)- 
enriched CDRH3 contacts the n3 and edge of 
the five-stranded f-sheet ($2) region of the 
RBD (Fig. 2D). Tight binding between the RBD 
and H014 is primarily due to extensive hydro- 
phobic interactions contributed by two patches: 
one formed by F54 from CDRH2; Y101 from 
CDRH; and A411, P412, and Y508 of the RBD 
and the other composed of Y49 from CDRL2; 
P103, Y104, and Y105 from CDRH3; and V407, 
V503, and Y508 of the RBD (Fig. 2E and table 
$2). Additionally, hydrophilic contacts from 
CDRHI and HF-R further enhance the RBD- 
HO014 interactions, leading to an extremely 
high binding affinity at subnanomolar con- 
centration at temperatures of 25° or 37°C (Fig. 
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Fig. 2. Cryo-EM structures of the SARS-CoV-2 

S trimer in complex with HO14. (A) Orthogonal views 
of SARS-CoV-2 S trimer with three RBDs in the 
closed state (left), one RBD in the open state and 
complexed with one HO14 Fab (middle), two RBDs in 
the open state and each complexed with one HO14 
Fab. NTD, N-terminal domain. All structures are 
presented as molecular surfaces with different colors 
for each S monomer (cyan, violet, and yellow), and 
the HO14 Fab light (hot pink) and heavy (purple-blue) 
chains. (B) Cartoon representations of the structure 
of SARS-CoV-2 RBD in complex with H014 Fab with 
the same color scheme as in (A). Residues that 
constitute the HO14 epitope and the RBM are shown 
as spheres and colored in green and blue, respec- 
tively. The overlapped residues between the HO14 
epitope and the RBM are shown in red. (C and 

D) Interactions between the HO14 and SARS-CoV-2 
RBD. The CDRs of the HO14 that interact with 
SARS-CoV-2 RBD are displayed as thick tubes over 
the cyan surface of the RBD (C). The HO14 epitope is 
shown as a cartoon representation over the surface 
of the RBD (D). (E) Details of the interactions 
between the HO14 and SARS-CoV-2 RBD. Some 
residues involved in the formation of hydrophobic 
patches and hydrogen bonds are shown as sticks 
and labeled. Color scheme is the same as in (A). 
Abbreviations for the amino acid residues: A, Ala; 

D, Asp; F, Phe; G, Gly; K, Lys; L, Leu; N, Asn; P, Pro; 
Q, Gln; S, Ser; T, Thr; V, Val; and Y, Tyr. 


2E and fig. S8). Residues that constitute the 
epitope are mostly conserved, with three single- 
site mutants (R408I, N439K, and V503F) in this 
region among currently circulating SARS- 
CoV-2 strains reported (fig. S9). In addition, a 
number of SARS-CoV-2 isolates bear a com- 
mon mutation, V367F, in the RBD (27), which 
lies adjacent to the major epitope patch o.2-B2-n2. 
Constructs of the recombinant RBD harbor- 
ing point mutations of the above-mentioned 
residues and other reported substitutions ex- 
hibited an indistinguishable binding affinity 
for H014 (fig. S10), suggesting that HO14 may 
exhibit broad neutralization activities against 
SARS-CoV-2 strains currently circulating world- 
wide. Of the 21 residues in the HO14: epitope, 17 
(81%) are identical between SARS-CoV-2 and 
SARS-CoV (fig. S9), which explains the cross- 
reactivity and comparable binding affinities. 
To investigate whether HO14 interferes with 
the binding of RBDs of SARS-CoV-2 or SARS- 
CoV to ACE2, we performed competitive bind- 
ing assays at both protein and cellular levels. 
The enzyme-linked immunosorbent assay 
(ELISA) indicated that H014 competed with 
recombinant ACE2 for binding to RBDs of 
SARS-CoV-2 and SARS-CoV with ECs, values 
of 0.7 and 5 nM, respectively (Fig. 3A). Ad- 
ditionally, HO14 efficiently blocked both the 
attachment of SARS-CoV-2 RBD to ACE2- 
expressing 293T cells and the binding of 
recombinant ACE2 to SARS-CoV-2 S expressing 
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298T cells (Fig. 3B). To verify its potential full 
occlusion on trimeric S, we conducted two sets 
of surface plasmon resonance (SPR) assays by 
exposing the trimeric S first to HO14 and then to 
ACE2 or vice versa. As expected, binding of 
HO014 completely blocked the attachment of 
ACE2 to trimeric S. Moreover, ACE2 could be 
displaced from trimeric S and replaced by HO14 
(Fig. 3C). To further verify these results in a cell- 
based viral infection model, we performed real 
time reverse transcription-quantitative poly- 
merase chain reaction (RT-PCR) analysis to 
quantify the amount of virus remaining on 
the host cell surface, which was exposed to 
antibodies before or after attachment of virus 
to cells at 4°C. H014 efficiently prevented 
attachment of SARS-CoV-2 to the cell surface 
in a dose-dependent manner, and the viral 
particles that had already bound to the cell 
surface could be partially stripped by H014 
(Fig. 3D). Superimposition of the structure 
of the H014-SARS-CoV-2 trimeric S complex 
over the ACE2-SARS-CoV-2 RBD complex 
structure revealed clashes between the ACE2 
and H014, arising from an overlap of the re- 
gions belonging to the binding sites located 
at the apical helix (n4) of the RBD (Fig. 3E). 
This observation differs substantially from 
those of most known SARS RBD-targeted 
antibody complexes, where the antibodies 
directly recognize the RBM (22-25). Thus, 
the ability of H014 to prevent SARS-CoV-2 
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from attaching to host cells can be attributed 
to steric clashes with ACE2. 

Similar to the RBM, the HO14 epitope is only 
accessible in the open state, indicative of a role 
akin to that of the RBM—involving dynamic 
interferences in interactions with host cells. 
Our structures, together with previously re- 
ported coronavirus S structures, not including 
human coronavirus HKUI (20), have observed 
the breathing of the S1 subunit, which me- 
diates the transition between “closed” and 
“open” conformation (Fig. 4A) (2, 9, 20). In 
contrast to the hinge-like movement of the 
RBD observed in most structures, the confor- 
mational transition from “closed” to “open” 
observed in our structures mainly involves two 
steps of rotations: (i) counterclockwise move- 
ment of SD1 by ~25° encircling the hinge point 
(at residue 320); (ii) counterclockwise rotation 
by ~60° of the RBD itself (Fig. 4B). These 
conformational rotations of the SD1 and RBD 
at proximal points relay an amplified altera- 
tion at the distal end, leading to opening up 
of adequate space for the binding of H014 or 
ACE2 (Fig. 4B). Ambiguously, the special con- 
formational transition observed in our com- 
plex structures results from the engagement 
of H014 or a synergistic movement of the SD1 
and RBD. 

Humoral immunity is essential for protec- 
tion against coronavirus infections, and passive 
immunization of convalescent plasma has been 
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Fig. 3. Mechanism of neutralization of HO14. (A) Competitive binding 


assays by ELISA. Recombinant 


SARS-CoV-2 (upper) or SARS-CoV (lower) RBD protein was coated on 96-well plates; recombinant ACE2 and 
serial dilutions of HO14 were then added for competitive binding to SARS-CoV-2 or SARS-CoV RBD. Values 
are the mean + SD. Experiments were performed in triplicate. (B) Blocking of SARS-CoV-2 RBD binding to 


293T-ACE2 cells by HO14 (upper). Recombinant SARS-CoV-2 RBD prote 


in and serially diluted HO14 were 


incubated with ACE2-expressing 293T cells (293T-ACE2) and tested for binding of HO14 to 293T-ACE2 cells. 
Competitive binding of HO14 and ACE2 to SARS-CoV-2-S cells (lower). Recombinant ACE2 and serially 


diluted HO14 were incubated with 293T cells expressing SARS-CoV-2 sp 


ike protein (SARS-CoV-2-S) and 


tested for binding of HO14 to SARS-CoV-2-S cells. Bovine serum albumin was used as a negative control 


(NC). Values are mean + SD. Experiments were performed in triplicate. 
competitive binding of HO14 and ACE2 to SARS-CoV-2 S trimer. For bot 


was loaded onto the sensor. In the upper panel, HO14 was first injected, 


lower panel, ACE2 was injected first and then HO14. The control groups 


(C) BlAcore SPR kinetics of 

h panels, SARS-CoV-2 S trimer 
followed by ACE2, whereas in the 
are depicted by black curves. 


(D) Amount of virus on the cell surface, as detected by RT-PCR. Preattachment mode: Incubate SARS-CoV-2 
and HO14 first, then add the mixture into cells (left); postattachment mode: Uncubate SARS-CoV-2 and cells 


first, then add HO14 into virus-cell mixtures (right). High concentrations 


of HO14 prevented attachment of 


SARS-CoV-2 to the cell surface when SARS-CoV-2 was exposed to HO14 before cell attachment. Values 


represent mean + SD. Experiments were performed in duplicates. (E) Cl 
upon binding to SARS-CoV-2 S. HO14 and ACE2 are represented as the 


ashes between HO14 Fab and ACE2 
molecular surface; SARS-CoV-2 S 


trimer is shown in ribbon representation. Inset is a zoomed-in view of the interactions of the RBD, HO14, and 
ACE2 and the clashed region (oval ellipse) between HO14 and ACE2. The HO14 Fab light and heavy chains, 


ACE2, and RBD, are presented as cartoons. The epitope, RBM, and the 
and HO14 on RBD are highlighted in green, blue, and red, respectively. 
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overlapped binding region of ACE2 


demonstrated to be effective in treating SARS 
and COVID-19 (72, 26). A number of SARS-CoV- 
specific neutralizing antibodies—including 
m396, 80R, and F26G19—have been previously 
reported to engage primarily the RBM core 
(residues 484 to 492 in SARS-CoV) provided 
that the RBD is in an open conformation (Fig. 
4, C and D) (24, 27, 28). Unexpectedly, none of 
these antibodies has so far demonstrated im- 
pressive neutralizing activity against SARS- 
CoV-2 (7, 8). S230, a SARS-CoV neutralizing 
antibody that functionally mimics receptor 
attachment and promotes membrane fusion, 
despite requiring an open state of the RBD as 
well, recognizes a small patch at the top of the 
RBM (Fig. 4, C and D) (7). Recently, two other 
antibodies (CR3022 and $309) originating 
from the memory B cells of SARS survivors 
in 2003, demonstrated strong binding to 
SARS-CoV-2 (9, 10). However, CR3022 failed to 
neutralize SARS-CoV-2 in vitro, which could 
be attributed to the binding of CR3022 to a 
cryptic epitope, which is distal from the RBD 
and is only accessible when at least two RBDs 
are in the open state. Furthermore, CR3022 
does not compete with ACE2 for binding to 
the RBD (Fig. 4, C and D) (9). By contrast, 
$309, a more recently reported neutralizing 
monoclonal antibody (mAb) against both SARS- 
CoV and SARS-CoV-2 recognizes a conserved 
glycan-containing epitope accessible in both the 
open and closed states of SARS-CoV and SARS- 
CoV-2 RBDs (J0). The neutralization mecha- 
nism of S309 does not depend on direct 
blocking of receptor binding, but it induces 
antibody-dependent cell cytotoxicity (ADCC) 
and antibody-dependent cellular phagocyto- 
sis (ADCP). We reported a potent therapeutic 
antibody, H014, which can cross-neutralize 
SARS-CoV-2 and SARS-CoV infections by block- 
ing attachment of the virus to the host cell (Fig. 
3). Distinct from other antibodies, H014: binds 
one full side of the RBD, spanning from the 
proximal n2 to the distal edge of the RBM, and 
possesses partially overlapping epitopes with 
SARS-CoV-specific antibodies such as m392, 
80R, F26G19, CR3022, and S309 (Fig. 4, C and 
D). Although both SARS-CoV and SARS-CoV-2 
use ACE2 to enter host cells, high sequence 
variations in the RBM and local conformational 
rearrangements at the distal end of the RBM 
from the two viruses have been observed (8). 
These probably lead to the failure of some anti- 
bodies, especially those targeting the RBM of SARS- 
CoV, in cross-binding and cross-neutralizing 
SARS-CoV-2. Three cross-reactive antibodies 
(CR3022, S309, and H014) recognize more con- 
served epitopes located beyond the RBM, among 
which the CR3022 epitope is most distant 
from the RBM (Fig. 4, C and D), suggesting a 
possible reason for its inability to neutralize 
SARS-CoV-2. H014 binds more conserved epi- 
topes, some of which are in close proximity to the 
RBM, rendering it effective in cross-neutralizing 
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Fig. 4. Breathing of the S1 subunit and epitopes of neutralizing antibodies. (A) HO14 can only interact 
with the “open” RBD, whereas the “closed” RBD is inaccessible to HO14. The open RBD and RBD-bound 
HO14 are depicted in lighter colors corresponding to the protein chain that they belong to. Color scheme is 
the same as in Fig. 2A. (B) Structural rearrangements of the Sl subunit of SARS-CoV-2 transition from 
the closed state to the open state. SD1, subdomain 1; SD2, subdomain 2; RBD’ RBD (closed state) from 
adjacent monomer. SD1, SD2, NTD, RBD, and RBD’ are colored in pale green, light orange, cyan, blue 
and yellow, respectively. The red dot indicates the hinge point. The angles between the RBD and SDI are 
labeled. (C) Epitope location analysis of neutralizing antibodies on SARS-CoV and SARS-CoV-2 S trimers. 
The S trimer structures with one RBD open and two RBD closed from SARS-CoV and SARS-CoV-2 
were used to show individual epitope information, which is highlighted in green. The accessible and 
inaccessible states are encircled and marked by green ticks and red crosses. (D) Footprints of the 
seven mAbs on RBDs of SARS-CoV (left) and SARS-CoV-2 (right). RBDs are rendered as molecular 
surfaces in light blue. Footprints of different mAbs are highlighted in different colors as labeled in the 
graph. Epitopes recognized by the indicated antibodies are labeled in blue (non-overlapped), yellow 
(overlapped once), and red (overlapped twice). 
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OCEAN WARMING 


Seismic ocean thermometry 


Wenbo Wu?*, Zhongwen Zhan’, Shirui Peng’, Sidao Ni’, Jorn Callies? 


More than 90% of the energy trapped on Earth by increasingly abundant greenhouse gases is 
absorbed by the ocean. Monitoring the resulting ocean warming remains a challenging sampling 
problem. To complement existing point measurements, we introduce a method that infers basin-scale 
deep-ocean temperature changes from the travel times of sound waves that are generated by repeating 
earthquakes. A first implementation of this seismic ocean thermometry constrains temperature 
anomalies averaged across a 3000-kilometer-long section in the equatorial East Indian Ocean with a 
standard error of 0.0060 kelvin. Between 2005 and 2016, we find temperature fluctuations on time 
scales of 12 months, 6 months, and ~10 days, and we infer a decadal warming trend that substantially 


exceeds previous estimates. 


ising greenhouse gas concentrations in 
Earth’s atmosphere cause an imbalance 
in the planet’s energy budget that is, at 
present, on the order of 1 W per square 
meter of surface area (J). Almost all of 
this excess energy is absorbed by the ocean, 
which warms in response at an average rate of 
~0.02 K per decade (2). How this warming 
is distributed between the surface and deep 


Fig. 1. Principle of seismic ocean thermometry and 
study area. (A) Section between Diego Garcia and 
Sumatra that is insonified by earthquakes off the 
coast of Sumatra (concentric dashed circles). The 

P wave propagates through the solid Earth, whereas 
the T wave propagates through the fluid ocean. 

Both are received at the seismic station DGAR 

on Diego Garcia. The example seismogram at the 

top shows a clear T-wave arrival at 32 min after 

the earthquake and a much weaker P-wave arrival 
earlier in the record. The sound speed in the ocean 
(calculated from ECCO) exhibits a familiar mid-depth 
minimum that provides a waveguide. (B) Study area 
showing the subduction of the Australian plate under 
the Sunda plate (inset), which causes the earthquakes 
we use for ocean thermometry. The large map 
shows all cataloged earthquakes around Nias Island 
(black stars) and the repeaters used for the 
travel-time changes (red stars). The depth of the plate 
boundary is indicated by green contours, and the 
trench axis is depicted by the black line with triangles. 
The orange star indicates the 2005 
earthquake. The blue triangles in the 
seismic stations used in this study. 


inset show the 
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8.6 Nias—Simeulue 


ocean affects how rapidly the climate sys- 
tem approaches its new equilibrium (3-6). To 
predict the transient climate change of the 
coming decades and centuries, we must accu- 
rately observe and understand the rates and 
patterns of ocean warming (7). 

Observing secular trends on the order of a 
few hundredths of a kelvin per decade is a 
challenge because natural fluctuations on time 


Hi 


e Pwave Twave 
DGAR 
32 min 


scales of weeks to decades often far exceed the 
magnitude of the expected trends (8, 9). Over 
the past 20 years, the Argo array of autonomous 
profiling floats has markedly improved the 
spatiotemporal coverage compared with that 
which had previously been possible with ship- 
based sampling (10). Currently, ~4000 floats 
each measure a profile of the upper 2000 m 
of the ocean every 10 days. Limitations re- 
main, however, despite efforts to overcome 
them: Depths below 2000 m (J) and regions 
seasonally covered with sea ice (12) remain 
poorly sampled. Furthermore, the global cov- 
erage by Argo was sparse until about 2006 (13), 
and the even-sparser ship-based sampling 
in the pre-Argo period was exacerbated by 
additional complications that arose from 
the need to intercalibrate disparate instru- 
mentation (14). 
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To complement the existing past and present 
observations, we build on an idea originally 
proposed by Munk and Wunsch in 1979: large- 
scale acoustic monitoring (75). The speed of 
sound in seawater depends on temperature, 
which allows one to infer temperature anomalies 
from changes in the travel time of sound waves 
between a source and a receiver. Thanks to the 
waveguide created by the mid-depth minimum 
in sound speed—the SOFAR (sound fixing and 
ranging) channel—sound waves in the ocean 
propagate over long distances with little at- 
tenuation, such that travel times can be used 
to measure temperature anomalies averaged 
across thousands of kilometers. These travel- 
time measurements intrinsically average out 
smaller-scale temperature fluctuations caused, 
for example, by mesoscale eddies and internal 
gravity waves. Although pilot programs were 
successful (16-19), a combination of concerns 
about the impact on marine mammals, the gen- 
eral unfamiliarity of the physical-oceanography 
community with acoustical methods, and the 


Fig. 2. Example of observed A 
and predicted T-wave travel- 
time changes. (A) Received 
waveforms band-passed to 

1.5 to 2.5 Hz for the events on 
21 October 2006 (blue) and 

3 March 2008 (red). The peak 
cross-correlation (CC) between 
these waveforms is 0.92, 
achieved by shifting the second 
waveform by At’ = -0.27 s. The 
ht panel shows a magnifica- 
tion of the part of the waveform 
marked by the black rectangle 
in the left panel. (B) The sensi-  B 
tivity kernel K in the section 
between Diego Garcia and 
Sumatra (left) and its integral 
over the range (right). (C) Pre- 
dicting the travel-time changes 
from the temperature anomalies 
estimated by ECCO. The tem- 
perature changes AT’ between 


ee 
lie} 


1935 


1940 


depth (km) 


expense of useful sources led to the abandon- 
ment of this scheme for global monitoring (20). 
Here, we demonstrate that acoustic ocean 
thermometry can be done passively, using 
natural submarine earthquakes as sources 
of low-frequency sound (1 to 10 Hz). We call 
the resulting procedure seismic ocean ther- 
mometry. [We use the term thermometry rather 
than tomography (15) because at present we 
do not have enough information to map out the 
temperature change. ] 

Cataloged natural earthquakes release much 
more energy than any anthropogenic marine 
sound sources. A portion of this energy vibrates 
the solid Earth and propagates out as seismic 
waves. Some of these waves encounter the sea- 
floor and are partially converted from seismic 
waves in the solid Earth to sound waves in the 
fluid ocean. These sound waves propagate along 
the SOFAR channel and are typically the strongest 
seismic signals recorded by hydrophones 
(21, 22). They are also recorded at some near- 
shore seismic stations, where an efficient con- 


CC = 0.92 


1945 1950 1955 1960 1965 
time after origin (s) 
sensitivity kernel K (sK~+m~?) x1072 


version back to seismic waves causes ground 
motion (23, 24). Propagating at ~1.5 km s/, 
these sound waves are much slower than 
seismic waves in the solid Earth and arrive 
minutes to hours after the direct P wave— 
the first arrival of a seismic wave traveling 
entirely within the solid Earth (23) (Fig. 1A). 
The sound waves produce a tertiary arrival in 
seismograms (after the P and S waves) and are 
therefore called T waves (25, 26). 

As an example, T waves produced by 
earthquakes around Nias Island off the coast 
of Sumatra are received at the seismic sta- 
tion DGAR on the Central Indian Ocean atoll 
Diego Garcia, ~3000 km from the origin (Fig. 
1A). In the Nias Island region, the Australian 
plate is obliquely subducted below the Sunda 
plate, which produces one of the most seis- 
mically active regions on the planet (Fig. 1B). 
A few megathrust earthquakes have occurred 
in this region in the past 20 years, includ- 
ing the 2004 magnitude (M) 9.1 Sumatra and 
the 2005 M 8.6 Nias-Simeulue earthquakes. 


— 3 March 2008 
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The DGAR station is an excellent receiver of 
T waves from the Sumatran earthquakes be- 
cause there is no notable bathymetry to block 
the T-wave path, and the atoll’s steeply slop- 
ing seafloor greatly facilitates the conversion 


of sound waves back to seismic waves (27) 
(Fig. 1A). 

The travel time of a T wave propagating 
from Nias Island to Diego Garcia is sensitive 
to the temperature anomalies it encounters 
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Fig. 3. Travel-time anomalies and corresponding temperature changes. (A to C) Travel-time anomalies 7’ 
(left axes) and corresponding temperature anomalies (T ) (right axes) inferred from T waves (blue) compared 
with those predicted from the Argo Climatology data (orange) and ECCO data (green). Every blue dot 
corresponds to an earthquake that is part of at least one repeating pair. Gaps in the time series indicate 

gaps in the DGAR record. The Argo and ECCO estimates were interpolated to the same times as the T-wave 
events. The shading shows +2 SE. (B) and (C) show successive magnifications of the early part of the time 
series (indicated by the black rectangle in the preceding panel) when events were most abundant. 


Wu et al., Science 369, 1510-1515 (2020) 18 September 2020 


along its path. Typically, travel-time fluctua- 
tions from temperature anomalies strongly 
dominate over fluctuations arising from other 
factors, such as salinity anomalies or Doppler 
shifts by currents (28) (materials and methods). 
Measured T-wave travel-time anomalies can 
therefore be used to infer spatially averaged 
temperature anomalies. Expressing the travel- 
time anomaly 1’ at some instance ¢ as arange 
(@) and depth (zg) integral of temperature 
anomalies T’ 


v(t) = \|K(w,2)T'(a,2,t)dadz (1) 


and we can infer the weighted average of the 
temperature anomaly from the measured 
travel time 


ite [K(a, 2)T' (a, 2, t)dadzg 
PH) [K(a, 2)dadz 
2 v(t) 

\[K(a, z)dadz 


(2) 


The sensitivity kernel K (2,2) is crucial for 
the interpretation of the measured travel-time 
anomalies because it quantifies what part 
of the ocean is sampled by the T waves. We 
derive K (zz) from numerical simulations of 
seismic- and sound-wave propagation (29) 
and the well-constrained dependence of the 
sound speed on ocean temperature (materials 
and methods). 

The T waves’ sampling of the water column— 
i.e., the vertical structure of K (v,z)—strongly 
depends on their frequency. T waves propa- 
gate largely in the form of the lowest available 
vertical mode, which has a frequency-dependent 
structure: High-frequency modes are more 
narrowly confined to the SOFAR channel axis, 
whereas low-frequency modes span a substan- 
tial portion of the water column (28). T-wave 
arrivals usually have a high signal-to-noise 
ratio in a frequency range of 1 to 10 Hz 
(23, 24, 30, 31). To maximize the sensitivity 
in the deep ocean, we filter the DGAR T-wave 
seismograms to the lowest-possible frequency 
band of 1.5 to 2.5 Hz (Fig. 2A). In this band, 
the sensitivity K (#,z) peaks at ~1700-m depth, 
decays to zero at the surface, and falls off 
relatively slowly with increasing depth—39% of 
the sensitivity is below 2000-m depth (Fig. 2B). 
The integrated sensitivity is {|x (a, z)dadg = 
—5.4s K71 so auniform warming of T’ = 0.02 K 
would cause the travel time to reduce by 1’ = 
—0.1s. We show below that travel-time changes 
of this magnitude are detectable. 

To infer changes in the ocean’s temperature, 
we require pairs of T waves that originate from 
the same location. Repeating earthquakes (re- 
peaters) are defined as having almost identical 
source properties—i.e., the location and geom- 
etry of the ruptured fault patches are nearly 
the same (32). Differences in the travel times 
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Be 


Fig. 4. Global potential for seismic ocean thermometry and previous 
data coverage. (A) Map of shallow M = 5.0 submarine earthquakes in 

2000 to 2018 (depth <70 km), with the magnitude of the earthquake 
indicated by the color of the dot. Also shown are the seismic and hydrophone 
stations that can be used to receive T waves and the T-wave path between 
Sumatra and Diego Garcia that we used in this study. (B) The number of 


of P waves that are generated by repeaters 
have been used to detect weak temporal changes 
of Earth’s crust (33) and inner core (34). Here, 
we use T waves from repeaters in a similar way 
to infer changes in the ocean. 

Although the cataloged source locations of 
earthquakes are not typically accurate enough 
to identify repeaters, the waveforms of T waves 
can be used as fingerprints of the earthquakes’ 
source properties. The complicated scatter- 
ing history of seismic waves in the inhomo- 
geneous crust before their arrival at the 
seafloor creates long and complicated wave- 
forms that are sensitive to the earthquakes’ 
source properties (Fig. 2A). We therefore iden- 
tify repeaters by cross-correlating waveforms. 
Because the absolute origin times of T waves 
are also usually poorly constrained, we use 
direct P waves from at least one reference 
station (seismic station PSI, KUM, or WRAB, 
shown in Fig. 1B) to obtain the relative origin 
times of a pair of repeaters, assuming there 
are no substantial changes in the solid Earth 
between the two events (Fig. 1A, fig. S1, and 
fig. S6). 
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2015 float profiles to 1600m 


We collected data from the 4272 earthquakes 
that occurred in the Nias Island region be- 
tween December 2004 and June 2016 and are 
included in the ISC (International Seismolog- 
ical Centre) catalog with M = 3.0 (Fig. 1B and 
fig. S5). Many of these events can be con- 
sidered aftershocks of the 2005 M 8.6 Nias- 
Simeulue earthquake, so the event density 
decays over time. We cross-correlated the wave- 
forms of both T- and P-wave arrivals to search 
for repeaters. Each earthquake was paired with 
every other earthquake with a cataloged source 
location <60 km away, and we maximized the 
cross-correlation (CC), allowing for a time 
lag of up to 8 s. Using a CC threshold of 0.6 for 
T waves and 0.9 for P waves, we identified 
2047 pairs of repeaters that arise from a total 
of 901 events (materials and methods). For 
these repeaters, we simultaneously determined 
the 7-wave travel-time change At’ as the time 
lag at which the CC is maximized (materials 
and methods). Given that we used three ref- 
erence stations, each pair can produce up to 
three individual measurements of the travel- 
time change. We dismissed 13 outliers with 
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2005-2015 CTD profiles to 3200m 
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shallow submarine earthquakes per year exceeding a certain magnitude 
follows an exponential Gutenberg-Richter law (40). (©) Number of Argo 
float and conductivity-temperature-depth (CTD) profiles per 2° by 2° latitude- 
longitude box. The number of Argo float profiles is shown for the years 
2005 and 2015, and the number of CTD profiles is shown for the full 

period between 2005 and 2015. 


|At'| > 0.65 s, which correspond to unrealistically 
large temperature anomalies and may be a 
result of timing issues at the reference station, 
the skipping of multiple cycles, noise contam- 
ination, or large location discrepancy of the 
putative repeaters (materials and methods). We 
arrived at a total of 3380 measurements of At’. 

As an example, consider the repeating earth- 
quakes on 21 October 2006 and 3 March 2008 
(Fig. 2). We measured a decrease in the 7-wave 
travel time of At’ = -0.27 s between the two 
events, which amounts to an average warming 
of (AT’) = 0.051 K. We compare this observa- 
tion with the ECCO (Estimating the Circulation 
and Climate of the Ocean, version 4, release 4) 
state estimate (35, 36), which is based on Argo 
and most other previously available oceano- 
graphic data. In the weighted average defined 
by the T-wave sensitivity kernel K (a,z), ECCO 
shows a warming of (A7") = 0.027 K between 
the two events, which corresponds to a de- 
crease in the travel time of At’ = —0.14 s. The 
temperature change inferred from the T waves 
is thus qualitatively consistent with the deep- 
ocean warming that is indicated by ECCO, yet 
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the change inferred from the T waves is sub- 
stantially larger. As discussed below, this degree 
of discrepancy is typical, and we speculate that 
it can be attributed to a lack of previous obser- 
vations from the deep ocean and the smoothing 
that is inherent in state estimation. 

The 7 waves from repeaters provide us with 
measurements of the travel-time changes At’ 
between the paired events. We turn these 
measurements into a time series of travel-time 
anomalies 1’ relative to an arbitrary but common 
reference using a simple inversion (materials 
and methods). This inversion simultaneously 
minimizes the misfit with the measured travel- 
time changes and the curvature of the resulting 
time series, and it allows for a cycle-skipping 
correction. The root mean square error (RMSE) 
of this inversion is a travel-time change of 
0.032 s, which corresponds to a temperature 
change of 0.0060 K. The error is likely domi- 
nated by source-location discrepancies and 
noise contamination (materials and methods). 

The resulting time series exhibits a decadal 
trend toward shorter travel times and thus 
a warming ocean (Fig. 3A). This trend is su- 
perimposed by large fluctuations that in- 
clude identifiable 12- and 6-month cycles (Fig. 
3, A and B), likely induced by a seasonal cycle 
in the surface wind stress that causes up- or 
downwelling and thereby lifts or depresses 
temperature surfaces in the sampled region. 
We calculate the decadal trend by fitting a re- 
gression model to the time series that includes 
a linear trend and sinusoids with 12- and 
6-month periods, which results in a trend of 
0.044 + 0.002 K per decade. The stated error is 
the RMSE of the regression model and does 
not take the data error into account. 

We compare the time series of temperature 
anomalies estimated from T waves with those 
of previous estimates: the Roemmich-Gilson 
Argo Climatology (37) and the ECCO state 
estimate (35, 36). Averaged with the same 
weighting K (a,z), these two datasets show 
12- and 6-month cycles that line up with those 
estimated with T waves (Fig. 3, A and B). The 
correlation coefficient between the T-wave 
and the Argo Climatology time series is 0.79, 
and that between the 7-wave and the ECCO 
time series is 0.89; this indicates that the 
measured time delays are broadly consistent 
with previous measurements of temperature 
anomalies in the East Indian Ocean. The 
anomalies inferred from T waves tend to be 
larger, which may not be surprising given 
the smoothing that is inherent in the other two 
data products. The decadal trend derived from 
T waves is also larger: The Argo Climatology 
trend is 0.026 + 0.001 K per decade and the 
ECCO trend is 0.039 + 0.001 K per decade. 
These discrepancies demonstrate that the 
T-wave travel times add constraints on ocean 
warming that are complementary to the exist- 
ing database. 
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The high density of events immediately af- 
ter the 2005 Nias-Simeulue earthquake trans- 
lates into a subdaily sampling of the ocean’s 
temperature. This reveals substantial variabil- 
ity at a time scale on the order of 10 days (Fig. 
3, B and C). The 10-day sampling cycle of Argo 
floats is prone to aliasing these high frequen- 
cies. ECCO does exhibit anomalies that are in 
phase with our estimate, likely because these 
anomalies are produced by the model physics 
and observations of other variables, for example 
the wind stress. Although, again, the ampli- 
tudes inferred from T waves are larger than 
those in ECCO, this qualitative consistency with 
ECCO increases our confidence that these high- 
frequency T-wave travel-time anomalies are the 
result of real ocean signals. 

Although they already enhance the data 
coverage of temperature change in the East 
Indian Ocean (Fig. 4C), our T-wave estimates 
can also be extended in a number of ways. 
Unlike most other measurements (e.g., Argo 
profiles), the number of constraints on tem- 
perature change grows with the square of the 
number of T-wave observations. More events 
recorded in the future will keep refining the 
constraints on the past because new earth- 
quakes will be identified as repeaters of past 
earthquakes that are not currently providing 
any constraints. One can also increase the 
number of usable events by increasing the 
sensitivity of the T-wave detection, for exam- 
ple by using hydrophones rather than seismic 
stations. Hydrophones are expected to have a 
higher signal-to-noise ratio, which may allow 
the use of even smaller earthquakes (M < 4.0) 
and thus substantially increase the number 
of usable events, although such small earth- 
quakes are typically not included in catalogs. 
A better signal-to-noise ratio might also allow 
frequency-dependent travel-time estimates, 
which would provide some vertical resolution 
of the warming. 

Our first implementation of seismic ocean 
thermometry in the East Indian Ocean encour- 
ages an expansion of this scheme to the global 
ocean. Every year, ~10,000 shallow submarine 
earthquakes with M = 4.0 occur across the 
globe (Fig. 4, A and B). Large-enough earth- 
quakes are found in all ocean basins, both at 
subduction zones along the rims of basins 
and at mid-ocean ridges and transform faults 
in the basing’ interiors (Fig. 4A). Records of the 
T waves generated by these events contain an 
immense amount of information on the ocean’s 
temperature. These signals are captured by an 
existing network of hydrophones operated by 
the Comprehensive Nuclear-Test-Ban Treaty 
Organization (CTBTO) (Fig. 4A), and future 
expansions of the acoustic monitoring system 
(38)—possibly including hydrophones on Argo- 
like floats (39)—would further benefit seismic 
thermometry. 7-wave data can provide a useful 
and low-cost complement to Argo data because 
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it constrains large-scale integrals and samples 
the ocean below 2000-m depth. It might also 
be possible to harvest data from the pre-Argo 
period and capture T waves propagating under 
sea ice. Global seismic ocean thermometry can 
thus substantially enhance our capability to 
monitor ocean warming. 
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PLASTIC POLLUTION 


Predicted growth in plastic waste exceeds efforts to 


mitigate plastic pollution 
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Plastic pollution is a planetary threat, affecting nearly every marine and freshwater ecosystem globally. 
In response, multilevel mitigation strategies are being adopted but with a lack of quantitative 
assessment of how such strategies reduce plastic emissions. We assessed the impact of three broad 
management strategies, plastic waste reduction, waste management, and environmental recovery, at 
different levels of effort to estimate plastic emissions to 2030 for 173 countries. We estimate that 

19 to 23 million metric tons, or 11%, of plastic waste generated globally in 2016 entered aquatic 
ecosystems. Considering the ambitious commitments currently set by governments, annual emissions 
may reach up to 53 million metric tons per year by 2030. To reduce emissions to a level well below this 
prediction, extraordinary efforts to transform the global plastics economy are needed. 


ountries around the world are struggling 

to manage current volumes of plastic 

waste and ubiquitous plastic pollution 

(CZ, 2). From the poles to the deep ocean 

basins, marine and freshwater ecosys- 
tems are accumulating the world’s plastic debris 
(3-5). Simultaneously, the petrochemical indus- 
try announced over $204 billion U.S. in invest- 
ment driven by the shale gas boom, leading 
to a projected acceleration in virgin plastic 
production (6). 

As plastic production surges, multiscale 
commitments aim to reduce plastic emissions 
into the environment [e.g., Addressing Single- 
Use Plastic Products Pollution (Resolution 
EA.4/L9) (7), the United Nations Environment 
Assembly Resolutions Marine Litter and Micro- 
plastics (7), and Goal 14.1 of the United Nations 
Sustainable Development Goals (8)]. Commun- 
ities, nongovernmental organizations (NGOs), 
and businesses are cleaning beaches and pro- 
moting zero-waste lifestyles (9). Governments 
are banning and placing levies on single-use 
consumer plastic products and, with the pri- 
vate sector, investing in plastic waste man- 
agement including integration into a circular 
economy (0-12). A recent amendment to the 
Basel Convention targets marine plastic pollu- 
tion by tracking the global trade of plastic 


waste to address issues of oversupply to coun- 
tries that lack the capacity to manage it (13). 
However, all commitments to date lack a quan- 
titative model that connects these actions to a 
measurable reduction in plastic emissions. 
Here, we present a mechanistic model to 
evaluate how different levels of effort would 
reduce plastic emissions into the world’s fresh- 
water and marine ecosystems, which includes 
major rivers, lakes, and oceans (hereafter re- 
ferred to simply as “aquatic ecosystems”), by 
2030. For 173 countries, representing ~97% of 
the world’s population, we estimate the amount 
of inadequately managed plastic waste enter- 
ing aquatic ecosystems annually from 2016 to 
2030 for three scenarios: business as usual 
(BAU), in which plastic production and waste 
generation follow current trajectories; an 
ambitious scenario that draws upon existing 
global commitments to reduce plastic emis- 
sions (J, 9, 10, 14, 15); and a target scenario to 
reduce annual plastic emissions. Because an 
environmentally acceptable threshold has yet 
to be defined, we set the target scenario to 
8 million metric tons (Mt), the estimated 
global emissions in 2010 to the oceans [(J6); a 
subset of aquatic ecosystems considered here] 
that galvanized global action on plastic pollu- 
tion by a variety of stakeholders (7). Scenarios 


demonstrating the level of effort required to 
achieve lower targets can be found in the sup- 
plementary materials. 

We can predict plastic emissions entering 
aquatic ecosystems to 2030 by integrating 
expected population growth (17), annual waste 
generation per capita (2), the proportion of 
plastic in waste [(2); incorporating an increase 
in plastic materials associated with predicted 
production increases], and the proportion 
of inadequately managed waste by country 
[(2, 16, 18); see the supplementary materials; 
fig. S1]. For 173 countries with available data, 
we calculated annual plastic emissions enter- 
ing aquatic ecosystems using a distance-based 
probability function. This function estimates 
the proportion of inadequately managed waste 
to reach the nearest aquatic ecosystem based 
on spatially explicit waste generation and 
downhill flow accumulation [(/8, 19); see 
the supplementary materials; figs. S1 and S2]. 
That is, the closer to an aquatic ecosystem that 
waste is generated and inadequately managed, 
the greater the probability it will enter that 
aquatic ecosystem. 

To account for the differences in plastic 
waste generation rates and waste manage- 
ment infrastructure among economies [(2); 
Table 1; see the supplementary materials], 
we adjusted variables for each country based 
upon their socioeconomic status as defined 
by the World Bank (7): high income (HI), 
upper-middle income (UMI), lower-middle 
income (LMD), and low income (LI). Across the 
three scenarios, we modeled three types of 
mitigation strategies over time: reducing 
waste generation (e.g., bans on single-use 
plastics), improving waste management (capture 
and containment of plastic waste), and envi- 
ronmental recovery (e.g., clean-up). A list of 
example actions that could be taken to achieve 
each type of strategy can be found in the sup- 
plementary materials (table S2). We use a 
Monte Carlo simulation to propagate uncer- 
tainty of input parameters and scenarios (see 
the supplementary materials). 

We estimate that ~19 to 23 Mt, or 11%, of 
plastic waste generated globally in 2016 entered 
aquatic ecosystems (Fig. 1 and table S4; see 
the supplementary materials). This is con- 
sistent with an estimate of annual river emis- 
sions to the global oceans [0.8 to 2.7 Mt (20)] 
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Fig. 1. Annual global plastic emissions into 
aquatic ecosystems. Data include major 
rivers, lakes, and the oceans in million metric 
tons (Mt) from 2016 to 2030 (A) and 

for each income status (B) as defined by 
the World Bank (17) showing the BAU 
(yellow), ambitious (blue), and target <8 Mt 
(purple) scenarios. Shaded areas represent 
80% credible intervals indicating the 
uncertainty in plastic waste generation 

and the scenario implementation into 

the future. Orange horizontal line represents 
the target of <8 Mt, which is a frequently 
cited statistic in global policy discussions 

as an unacceptable amount of plastic 
emissions to the marine ecosystem 

alone (a subset of the aquatic ecosystems 
considered here) (7). 


that is calibrated with field observations. Our 
estimate is larger because it includes the 
amount that accumulates in lakes and rivers 
in addition to the plastic that escapes to the 
ocean. Under BAU, we predict that the amount 
of plastic waste entering the world’s aquatic 
ecosystems could reach 90 Mt/year by 2030 
if waste generation trends continue as expected 
with no improvements in waste management 
(Fig. 1A and table S4; see the supplementary 
materials). 

Under the ambitious scenario, we predict 
between 20 and 53 Mt/year of plastic emis- 
sions to aquatic ecosystems by 2030, remaining 
at or exceeding 2016 levels despite tremendous 
reduction efforts by the global community (Fig. 
1A, Table 1, and table $4; see the supplementary 
materials). The ambitious scenario to reduce 
plastic emissions is informed by global com- 
mitments from the G7 Plastics Charter, the 
European Union Strategy, the United Nations 
Environment Programme, Clean Seas, and the 
Our Oceans conferences. Because these com- 
mitments generally lack specific numerical 
targets and not all countries have made com- 
mitments, we apply reduction targets to all 
countries within an income status based upon 
existing commitments made by individual 
countries (see the supplementary materials). 
The ambitious scenario includes: (i) plastic 
waste generation reduced from predicted trends 
by 10% in HI, 5% in UMI, 5% in LMI, and no 
change from 2016 in LI countries; (ii) an in- 
crease in the proportion of managed waste, 
where HI countries reach a minimum of 90% 
managed waste (compared with a 2016 mean 
of 63%), UMI countries reach 70% (2016 mean 
of 40%), LMI countries reach 50% (2016 mean of 
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21%), and LI countries reach 30% (2016 mean of 
6%); and (iii) recovery of annual global plastic 
emissions from aquatic environments of up to 
10% by 2030 in all countries [Table 1; see the 
supplementary materials (27)]. 

For the third scenario, we used our model 
to estimate the effort necessary to achieve a 
specified plastic emissions target by 2030 
(<8 Mt/year). We first focused on each inter- 
vention strategy (plastic reduction, waste 
management, and environmental recovery) 
independently while holding the others at the 
ambitious scenario levels. If additional actions 
were to solely focus on reduction, then plastic 
waste generation would need to be reduced by 
85% across all income levels. If additional ac- 
tions were to solely focus on waste manage- 
ment, then every country would have to make 
exceptional efforts to properly manage =99% 
of its plastic waste. If additional actions were 
to solely focus on recovery, then 85% of annual 
global emissions would have to be recovered 
from the environment by 2030 (table S3; see 
the supplementary materials). Although many 
stakeholders heavily promote only one of these 
strategies as the “best one,” these results dem- 
onstrate that drastic reductions in future 
plastic emissions cannot be achieved with any 
one strategy independently (Table 1). 

Next, we systematically increased the level 
of effort for all three strategies simultaneously 
until the target was reached in 2030 (mean 
global emissions of <8 Mt; Fig. 1A, fig. S3, and 
table S3; see the supplementary materials). This 
requires plastic waste generation to be reduced 
by 40% in HI, 35% in UMI and LMI, and 25% in 
LI countries compared with the BAU trajectory. 
Levels of managed waste must reach 99% in HI 
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and UMI countries, 80% in LMI countries, and 
60% in LI countries. Recovery of 40% of annual 
global emissions by 2030 is needed (Fig. 1A and 
Table 1). Considering all three strategies com- 
bined, the effort required to meet a reduction 
target of even 8 Mt far exceeds the existing and 
highly ambitious commitments to date from 
governments, industries, NGOs, and commu- 
nities combined (e.g., 1, 9, 10, 14, 15). 

It is important to note that these values 
may be an underestimate of plastic emissions. 
Across all scenarios, UMI and LMI countries 
contribute the most plastic waste emissions 
compared with HI and LI countries (Fig. 1B 
and Table 1; see the supplementary materials, 
appendix 3). However, the trade of plastic 
waste was not accounted for in the current 
model (see the supplementary materials). Waste 
shipped predominantly from HI to UMI, LMI, 
and LI countries for processing may enter into 
a country with no formal waste management 
system or one that is less tractable, therefore 
misrepresenting HI countries’ contributions to 
plastic emissions (22). Other factors may also 
lead to uncertainties in our results. Global scale 
data for plastic waste generation, collection, 
and disposal are often lacking or unreliable 
because of inconsistencies in reporting among 
countries, differences in methodologies and 
units used in reporting, and omitted values 
(2, 18). We do not include primary micro- 
plastics, microplastics produced from the wear 
of products still in use, or microplastics entering 
the environment through wastewater, although 
these are likely comparatively small in mass. 
We also do not include abandoned, lost, or 
discarded fishing gear, which is an important 
source of plastic waste, especially in marine 
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Table 1. Mitigation strategy scenario values and projections of 2030 
plastic emissions. Shown are income status and global plastic emissions 

in 2030 and the levels of plastic waste reduction, waste management 
improvement, and recovery of plastic waste under BAU, ambitious, and target 
(<8 Mt) scenarios. Specific actions that can be taken to achieve reductions in 
plastic waste generation (e.g., product bans or taxes), waste management 


Change in plastic waste generation 
from predicted growth to 2030, 


% per capita 


Business as 
usual 


Country-level projections 
based on predicted trends 


ecosystems (23), or the unregulated burning 
of inadequately managed plastic waste, which 
may decrease plastic emissions. Finally, there 
is a lack of data for most countries represent- 
ing the efficacy of the informal waste manage- 
ment sector (2). One study in India estimated 
that 50 to 80% of generated plastic waste is 
recovered by the informal sectors (garbage 
collectors, waste pickers, and waste dealers) 
and is thus kept out of the environment [(24); 
see the supplementary materials]. The creation 
of a long-term standardized global monitoring 
program and open-access data for plastics 
placed on the market, waste generation and 
management, the international trade of waste, 
environmental emissions, and transport in the 
environment will improve our ability to quan- 
tify both plastic emission pathways and the 
efficacy of mitigation strategies. 

Our results show that the efforts required 
to meaningfully reduce plastic emissions by 
2030 are extraordinary (Fig. 1 and Table 1). 
Increased waste management capacity alone 
cannot keep pace with projected growth in 
plastic waste generation. Further, without 
major technological innovation, it is incon- 
ceivable that efforts to recover plastic waste 
from the environment could reach even 10% 
of annual emissions (~2.4 to 6 Mt in 2030), 
whereas our model shows that 40% recovery 
is required to reduce emissions to <8 Mt 
(Table 1). These findings emphasize that un- 
less growth in plastic production and use is 
halted, a fundamental transformation of the 
plastic economy to a circular framework is es- 
sential, where end-of-life plastic products are 
valued rather than becoming waste. 
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Managed waste 


levels by 2030, % annual emissions 
HI: No change 
UMI: No change Al 0 


LMI: No change 
: No change 


Increasing global efforts to manage plastic 
waste must consider plastic pollution as a 
multidimensional issue. This includes evaluat- 
ing the financial and social costs of imple- 
menting (or not implementing) mitigation 
strategies and also the impacts of different 
mitigation strategies on economies, social jus- 
tice, and human and environmental health 
to achieve global sustainable development 
goals. For example, waste-to-energy process- 
ing (.e., incineration) reduces plastic waste 
volumes but may cause human health im- 
pacts from hazardous byproducts, create social 
justice issues, and increase greenhouse gas 
emissions (25, 26). Without such considera- 
tions, we risk creating perverse outcomes from 
the transformational shifts needed to address 
plastic pollution. 

Plastic pollution is a burgeoning threat to 
the sustainability of our planet (7, 8, 27). The 
world is responding at an already impressive 
scale, with grassroots action, national-level prod- 
uct bans, public-private partnerships for invest- 
ment in waste management infrastructure, 
innovative alternatives to leakage-prone plastic 
products, and greater transparency in the trade 
of plastic waste (7, 10, 13). Still, our results show 
that achieving substantial reductions in global 
plastic emissions to the environment requires 
an urgent transformative change. Key policies 
to achieve such a transition include reducing 
or eliminating the use of unnecessary plastics, 
setting global limits for virgin plastic produc- 
tion, creating globally aligned standards for 
commodity plastics to be practically recover- 
able and recyclable by design, and developing 
and scaling plastic processing and recycling 
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Recovery by 2030, % of global 


improvement (e.g., increased collection and controlled landfill), and recovery 
(e.g., beach clean-ups) can be found in table S2. In the ambitious and target 
scenarios, changes in plastic waste generation are reductions implemented over 
time and fully achieved by 2030 and to the same level by countries in the same 
income status as defined by the World Bank (17). “No change” indicates that 
2016 proportions of inadequately managed plastic remain at 2016 values. 


2030 Income status 
emissions (Mt), 
80% credible interval 


2030 Global plastic 
emissions (Mt), 80% 
credible interval 


HI: 3.6-7.4 
UMI: 14.8-36.1 35.8-90.0 


LMI: 15.6-41.1 


technologies. Such harmonized policies can 
enable plastics to remain a valuable and useful 
commodity (10, 12). Further, some plastics will 
inevitably be emitted to the environment. Thus, 
recovery of plastic waste has to be a sustained 
priority to minimize adverse impacts on species 
and ecosystems (28) and to limit harmful waste 
management practices such as open burning 
(25). Without this transformation, we risk con- 
tinuing to invest large amounts of human 
capital and financial resources with little to 
no hope of reducing plastic pollution in the 
world’s rivers, lakes, and oceans. 
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Diet posttranslationally modifies the mouse gut 
microbial proteome to modulate renal function 


Lior Lobel’, Y. Grace Cao’, Kathrin Fenn’, Jonathan N. Glickman”*, Wendy S. Garrett?+>5* 


Associations between chronic kidney disease (CKD) and the gut microbiota have been postulated, yet 
questions remain about the underlying mechanisms. In humans, dietary protein increases gut bacterial 
production of hydrogen sulfide (H2S), indole, and indoxyl sulfate. The latter are uremic toxins, and 

H2S has diverse physiological functions, some of which are mediated by posttranslational modification. 
In a mouse model of CKD, we found that a high sulfur amino acid-containing diet resulted in 
posttranslationally modified microbial tryptophanase activity. This reduced uremic toxin-producing 
activity and ameliorated progression to CKD in the mice. Thus, diet can tune microbiota function to 
support healthy host physiology through posttranslational modification without altering microbial 


community composition. 


hronic kidney disease (CKD) affects nearly 

850 million people worldwide (J). Al- 

though dietary modification is a corner- 

stone of CKD treatment, the mechanistic 

roles of diet-microbiota interactions 
in CKD pathogenesis and treatment have 
been underexplored. Many diet-microbiome 
studies have focused on the effects of dietary 
fiber, fat, and carbohydrates (2). Less is known 
about the specific effects of dietary protein and 
amino acids, although 5 to 10% of dietary 
amino acids reach the colon, where most gut 
bacterial metabolism occurs (3). In humans, in- 
creasing dietary protein increases gut bacterial 
production of hydrogen sulfide (H.S), indole, 
and indoxyl sulfate (4, 5). Indole and indoxyl 
sulfate are uremic toxins, and H,S has diverse 
physiological functions, some of which are 
mediated by the posttranslational modifica- 
tion S-sulfhydration (6, 7). Although a vast 
number of studies have been performed in 
mammalian systems, the physiological roles 
of H,S in regulating gut bacterial function 
within a host are understudied. Additionally, 
whether there are bona fide opportunities to 
improve CKD by manipulating diet-microbiota 
interactions remains unclear. 

Modifying patient dietary protein intake 
has been a clinical strategy used in the man- 
agement of CKD for many decades, and more 
specifically, dietary sulfur-containing amino 
acid (Saa) intake has been reported to affect 
CKD progression in patients and disease mod- 
els (8, 9). Given the gaps in understanding 
the relationships between dietary protein, gut 
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microbial metabolism, and H,S and to address 
the role of gut microbial metabolism and diet 
in renal function, we used a mouse model of 
CKD that is driven by increased adenine (J0) 
along with a Saa-based diet perturbation. 
We formulated isocaloric diets to represent 
extremes of mouse Saa consumption, relevant 
to human consumption, i.e., diets with low 
versus high amounts of methionine and 
cysteine (see table S1 for diet formulations 
and materials and methods) but with sufficient 
methionine to avoid methionine restriction 
(1). Conventionally reared, specific-pathogen- 
free (SPF) mice on a low-Saa plus adenine 
(Saa+Ade) diet had significantly increased 
serum creatinine levels compared with mice 
on a high-Saa+Ade (Fig. 1A), as well as more 
extensive and severe renal cortex histopathologic 
changes, including tubular dilatation and drop- 
out, tubulitis with peritubular fibrosis, and 
cortical crystal deposition (Fig. 1, B to D). To 
determine the extent to which the Saa effects 
depend on the gut microbiota, we fed the 
Saa+Ade diets to gnotobiotically reared, germ- 
free (GF) mice. Serum creatinine and kidney 
damage were markedly reduced in the GF mice 
compared with SPF mice on the low-Saa+Ade 
diet, and there were similar phenotypes in the 
GF and SPF mice fed the high-Saa+Ade diet 
(Fig. 1, A to D). Given that the GF mice on the 
low-Saa + Ade diet still showed renal injury, 
although less than SPF mice, we examined 
the expression of a select panel of host genes 
implicated in CKD pathogenesis in both 
humans and the mouse adenine model (72). 
Spp1 (Osteopontin), Tgfb1, and IcamI were 
increased in GF mice to greater levels than in 
SPF mice on the low-Saa+Ade diet (fig. S3D). 
By contrast, Ccl2 and Timp1 were increased to 
a greater extent in SPF mice on the low-Saa 
+Ade diet (fig. S3D). These data indicate that 
the microbiota may buffer expression of some 
host genes while stimulating expression of 
others. Overall, we found that a low-Saa diet 
exacerbated the CKD phenotypes observed 


18 September 2020 


and that the presence of a gut microbiota fur- 
ther magnified these effects. 

We tested whether there is a link between 
dietary Saa and gut bacteria through microbial 
metabolism of cysteine to HS. We measured 
cecal sulfide levels from GF and SPF mice fed 
low- versus high-Saa diets by using both the 
lead acetate and methylene blue sulfide detec- 
tion assays (13). SPF mice on the high-Saa diet 
had higher cecal sulfide levels than those on 
the low-Saa diet (Fig. 1, E and F). GF mouse 
ceca had significantly less sulfide than SPF 
mice, regardless of Saa diet (Fig. 1, E and F). 
We did not observe any significant differences 
in the taxonomic abundances of the gut micro- 
biota members between SPF mice on the low- 
versus high-Saa diets using 16S ribosomal 
RNA (tRNA) gene amplicon surveys (fig. S1), 
supporting the idea that the differences in 
cecal sulfide in healthy mice may be medi- 
ated by altered microbial function rather than 
changes in microbiota community structure. 

Given these findings and with the goal of 
more effectively modeling gut microbial activ- 
ity shifts that could occur in CKD patients, 
we sought out publicly available CKD patient 
gut microbiota profiling studies to identify 
taxa enriched in CKD patients compared with 
healthy individuals. We re-analyzed fecal 16S 
rRNA gene amplicon datasets from Xu et al. 
(74) and from Southern Medical University 
(NCBI accession PRJEB5761), a fecal PhyloChip 
study by Vaziri et al. (15), and a fecal whole- 
genome shotgun sequencing dataset from 
Promegene Translational Research Institute 
(PTRI) (NCBI accession PR.JNA449784). Enforc- 
ing stringent statistical cutoffs [linear discrimi- 
nant analysis (LDA) score of >4 for LDA effect 
size and fold change of >2 for the PhyloChip 
analysis] revealed a clear and robust signal 
of Enterobacteriaceae enrichment in CKD pa- 
tients (fig. S2, A to C). Although the 16S rRNA gene 
amplicon analyses did not afford strain-level 
Escherichia coli identification, the PhyloChip 
analysis showed a significant increase in the 
combined mean abundance of seven E. coli 
strains measured in fecal samples of CKD pa- 
tients with end-stage renal disease compared 
with control subjects (fig. S2D). Further anal- 
ysis of the PTRI whole-genome shotgun se- 
quencing dataset strengthened this finding, 
as we found a higher normalized £. coli mean 
gene abundance in CKD patient samples than 
in non-CKD controls (Fig. 1G). Given these find- 
ings from reanalysis of human CKD gut micro- 
biota and the genetic tractability and relatively 
well-characterized proteome of E. coli, we fo- 
cused on the effects of E. coli in the adenine- 
driven CKD model. As the mice we obtain from 
Jackson Laboratory do not harbor any Entero- 
bacteriaceae members (fig. S1) and to carry out 
a carefully controlled study of gut microbial 
activity in a reproducible model system, we used 
gnotobiotically reared mice colonized with the 
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Fig. 1. Dietary Saa and the gut microbiota modulate kidney injury severity in a mouse CKD model. (A) Serum creatinine 
(Cre) levels of SPF and GF mice on low- versus high-SaatAde diet. (B and C) Representative hematoxylin and eosin (H&E) 
staining (B) and representative trichrome staining (C) of kidneys from mice in (A). (D) Histology-based renal injury scores. 
(E and F) SPF (E) and GF (F) mouse cecal sulfide levels detected in the lead acetate or methylene blue assay. (G) Normalized 
: E. coli mean gene abundance in CKD patient samples compared with non-CKD controls (PTRI whole-genome shotgun sequencing 
if dataset). (H) Serum Cre levels from ASF or ASF® °°" mice on low- versus high-Saa+Ade diets. (I and J) Representative H&E 
staining (I) and trichrome staining (J) of kidneys from mice in (H). (K) Histology-based renal injury scores. (L and M) ASF 
and ASF® °°" cecal sulfide levels detected by lead acetate (L) or methylene blue assay (M). Data represent two [(L) and (M)], 


three [(A), (D), (H), and (K)], or four [(E) and (F)] independent experiments. Symbols represent individual mice. Bars represent 
means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Two-way analysis of variance (ANOVA) with Tukey's post hoc test was used for (A), (D), (E), (F), (H), and (K); the Mann- 
Whitney test for was used for (L) and (M). Scale bar, 1 mm for the 40x magnification in (B) and 200 um for the 200x magnification in (B) and (C). 


altered Schaedler flora (ASF) to which we added 
E. coli K-12. The ASF is a simplified microbial 
community consisting of eight bacterial species, 
none of which is related to Enterobacteriaceae 
(16). We used ASF mice, rather than mono- 
colonized mice, because ASF mice are more 
physiologically similar to SPF mice (16). E. coli 
colonization was similar on the low- and high- 
Saa diets with and without adenine (fig. $3, A 
and B), and we did not observe changes in the 
relative abundance of ASF members (fig. S3C). 
On the low-Saa+Ade diet, ASF mice colonized 
with E. coli (ASF“ °") had higher serum cre- 
atinine and more extensive tubulitis, tubular 
atrophy and dropout, peritubular fibrosis, and 
cortical crystals than ASF mice (Fig. 1, H to K). 
By contrast, ASF“ °” and ASF mice on the high- 
Saa+Ade diet had similar serum creatinine lev- 
els and milder renal parenchymal pathology 
compared with their littermates on the low- 
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Saat+Ade diet (Fig. 1, H to K). As with SPF mice, 
we found higher cecal sulfide levels in ASF” °°” 
mice on the high- versus low-Saa+Ade diet 
(Fig. 1, L and M). To determine if changes in 
renal function would occur in these models in 
the absence of the adenine insult, we examined 
serum creatinine levels in SPF and ASF™ 
mice on the low- versus high-Saa diet. Notably, 
the low-Saa diet and E. coli were sufficient to 
increase serum creatinine levels in mice, and 
no overt histologic abnormalities were present 
(fig. S3E). Similar results were obtained with 
SPF mice on the Saa diets (fig. S3F). Overall, 
these results support that E. coli interacts with 
dietary Saa to modulate kidney function. 
Given our observations regarding cecal HS 
in SPF and ASF” ©” mice on the Saa diets and 
the literature on how H.S can posttranslation- 
ally modify mammalian proteins leading to a 
range of physiologic effects, we investigated 
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the effects of H.S on E. coli. In lead acetate 
sulfide detection assays, E. coli, grown either 
aerobically or anaerobically, produced sul- 
fide from cysteine in a dose-dependent man- 
ner without any effects on growth (Fig. 2A and 
fig. S4, A to C). To serve as a control for the 
effects of endogenous H.S production on E. coli 
physiology, we generated an isogenic strain 
harboring a deletion of decR, which encodes 
a transcriptional activator of the cysteine de- 
sulfhydrase genes yhaO and yhaM, which drive 
cysteine-derived sulfide production in E. coli (17). 
Deletion of decR resulted in significant reduction 
of sulfide production, with no effect on growth 
kinetics (Fig. 2, A and B; fig. S4, A to D). Of 
note, SseA (3-mercaptopyruvate sulfurtrans- 
ferase), which has been reported as a major 
source of cysteine-derived sulfide in E. coli 
(18), did not affect sulfide production in our 
system (fig. S4E). Sulfide exerts its effects 


2 of 7 


RESEARCH | REPORT 


through generation of polysulfides that modify 
cysteine residues, resulting in S-sulfhydration 
(19). To identify EF. coli proteins that are 
S-sulfhydrated (R-S-S), we adapted a pull- 
down method that specifically enriches for 


S-sulfhydrated proteins (20). This technique 
leverages maleimide binding to free thiols 
and persulfides, resulting in thioether bonds, 
and the ability of dithiothreitol (DTT) to break 
disulfide bonds but not thioether bonds (Fig. 


2C). We observed a robust enrichment of S- 
sulfhydrated proteins in DTT-eluted samples 
of wild-type (WT) E. coli lysates grown in 
medium supplemented with cysteine (Fig. 2D). 
We validated the pulldown assay’s specificity 
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Fig. 2. Characterization of E. coli S-sulfhydrome reveals that TnaA is a 
highly S-sulfhydrated protein. (A) £. coli sulfide production, determined 
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eluted with or without DTT and AdecR mutant samples eluted with DTT. 
Proteins ordered based on q score for enrichment in the DTT-eluted versus 
non-DTT-eluted samples. Data represent two (E), three [(D) and (F)], four 
(A), or six (B) independent experiments. Bars represent means + SEM. 
**P < 0.01. Statistical significance was determined with a linear model test 
(A), two-way Kruskal-Wallis test with Dunn's post hoc test (B), or two-way 
ANOVA with Tukey's post hoc test (F). 
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and found that treating bacterial lysates with 
H»Os, and hence oxidizing free thiols, reduced 
the detection of S-sulfhydrated proteins (fig. 
S4D). By contrast, treatment with sodium hy- 
drosulfide (NaHS), a fast-reacting sulfide 
donor, induced higher S-sulfhydration levels 
in bacterial lysates (fig. S4D). We detected a 
higher level of S-sulfhydration in E. coli lysates 
grown in medium supplemented with cysteine 
than in E. coli grown in Luria broth (LB) alone 
(fig. S4, E and F). By contrast, lysates of AdecR 
bacteria, which produce less H.S, grown in 
cysteine-supplemented LB broth showed less 
S-sulfhydration than WT E. coli (Fig. 2E). Next, 
we sought to characterize the E. coli sulfhy- 
drome using quantitative tandem mass tag 
(TMT) liquid chromatography-multistaged 
mass spectometry (LC-MS”) analysis. This anal- 
ysis revealed that most identified proteins en- 
riched in E. coli lysates that were eluted with 
DTT were indeed S-sulfhydrated, compared with 
the same samples not treated with DTT (Fig. 2F). 
Furthermore, most detected S-sulfhydrated pro- 
teins were enriched in WT versus AdecR E. coli, 
as expected from the strains’ different abilities 
to produce sulfide from cysteine. Ranking of 
the S-sulfhydrated proteins by their q values 
(DTT versus non-DTT) revealed the top 10 most 
abundant S-sulfhydrated proteins (Fig. 2F and 
fig. S4G). Although most of these proteins are 
highly expressed during logarithmic bacterial 
growth and are expected to be highly abundant, 
tryptophanase (TnaA) was overrepresented. 
Overall, our quantitative proteomics analysis 
identified 212 proteins as S-sulfhydrated with 
high confidence (table S2), and hypergeometric 
distribution analysis revealed 13 cellular path- 
ways enriched with S-sulfhydrated proteins, 
several of which are related to protein trans- 
lation (fig. S4H). 

TnaA (Fig. 2F), a secreted enzyme that cat- 
alyzes the degradation of tryptophan to indole, 
pyruvate, and ammonia, offered a potential 
connection between our S-sulfhydrome anal- 
ysis and the phenotypes we observed in the CKD 
mouse model. Indoles are a class of bacteria- 
produced molecules that not only regulate 
bacterial physiology (27) but also participate 
in bacteria-host interactions (22). Indoles 
can be transported through the portal vein 
to the liver, where they are oxidized, yielding 
the uremic toxin indoxy] sulfate (23). For these 
reasons, TnaA emerged as an attractive target 
for investigating host-microbe interactions 
in our CKD mouse model. We replaced the 
FE. coliTnaA chromosomal copy with a cloned 
tnaA-his under its native promoter. We then 
validated our S-sulfhydrome results by analyz- 
ing TnaA S-sulfhydration in WT versus AdecR 
E. coli lysates using Western blot analysis and 
found reduced TnaA S-sulfhydration in AdecR 
lysates (Fig. 3A). E. coli lysates treated with 
H,O, and NaHS showed reduced and increased 
TnaA S-sulfhydration, respectively (Fig. 3B). 
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Since the S-sulfhydration pulldown method 
reduces the S-sulfhydrated cysteine residue 
(i.e., removes the S-sulfhydration), we could 
not pinpoint the exact cysteine residues being 
S-sulfhydrated, as TnaA has seven cysteines. 
Therefore, we purified natively expressed TnaA- 
His from £. coli grown in LB supplemented 
with cysteine and performed LC-tandem MS 
(LC-MS/MS) analysis to detect and map the 


S-sulfhydration. We detected several TnaA-His 
peptides that had a +32-Da addition, matching 
the molecular weight of S-sulfhydration on a 
cysteine residue (fig. S5). As oxidation of a cys- 
teine residue to sulfinic acid (R-S-O,) results in 
same mass shift and given the potential for 
oxidation during our analysis, we could not 
rule out that such oxidation occurs. However, 
an S-sulfhydrated cysteine can be oxidized to 
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Fig. 3. S-Sulfhydration inhibits the indole-producing enzymatic activity of E. coli TnaA. (A) Repre- 
sentative Western blot analysis of TnaA-His from WT and AdecR E. coli lysates subjected to S-sulfhydration 
pulldown. Loading controls show RpoD in the flowthrough. (B) Same method as in (A) but with E. coli lysates 
treated with NaCl, H202, or NaHS. (€) LC-MS/MS analysis of indoles in WT E. coli cultures with cysteine 
or NaHS. (D and E) Kovac’s assay for indole production in WT E. coli cultures with cysteine or NaHS (D) or 
with purified TnaA enzyme supplemented with NaCl, Na2Sq, or DTT (E). Data represent three [(A) and 

(E)], four [(B) and (D)], or five (C) independent experiments. Bars represent means + SEM. *P < 0.05; **P < 
0.01; ***P < 0.001. Data were analyzed with the Mann-Whitney test (A), two-way ANOVA with Tukey’s post 
hoc test [(B) and (E)], or two-way Kruskal-Wallis test with Dunn’s post hoc test [(C) and (D)]. 
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sulfinic acid (R-S-S-O,), resulting in a +64-Da 
increase, a shift that results from oxidation 
of an S-sulfhydrated cysteine or a second S- 
sulfhydration (R-S-S-SH). We were able to de- 
tect a +64-Da shift in several cysteine residues 
of TnaA (fig. S5 and table $3). Although we 


A TnaA Low High B 2.0 
Pull-down perk 
Flow-through ge} | | < 
aD 
5 645 
* 8” 
E 8 
F 3 8 
Bs 2 
s 3 1.0 
z x) 
- s 
2 = 
3 3 
a = 
& £05 
®1 e 
2 z 
0! 
Low Saa High Saa 
D E 4 
3e+08 LC-MS 
2 * 
7) 
S O 
E =3 
o — 
2 2e+08 2 
3 £ 
2 : 
2 fc 
s 37 
s oO 
a 5 
= £ 
8 1e+08 2 
£ By 
£ 
2 
oa 
7) 
0e+00° 
ines AdecR 
Low Saa+Ade 
H 100 
* x 
5 
t 
3 
o 
& 
£ 
ro 
i 
a 
< 
eS 


ley AdecR 


Low aT 


Lobel et al., Science 369, 1518-1524 (2020) 


WT 


found evidence that six of the seven TnaA cys- 
teine (C) residues were S-sulfhydrated (C148, 
C281, C294, C298, C352, and C383), we could 
not rule out that cysteine residue C413 is also 
S-sulfhydrated, as our coverage of TnaA (~78%) 
did not include peptides with high confidence 
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Fig. 4. Dietary Saa modulate cecal indole levels, serum indoxyl sulfate levels, and kidney function in a 
mouse CKD model. (A and B) Western blot analysis of TnaA of S-sulfhydration pulldown and flowthrough 
samples from cecal contents (A) and Kovac’s assay measurement of indole levels in cecal contents (B) from 
ASF: °°" mice on Saa diets. (©) LC-MS/MS analysis of indole levels in cecal contents from ASF® °°" mice 

on Saa diets. Left, spectra representative of an experiment with three mice per group and indole standard. 
(D) LC-MS measurements of serum indoxyl sulfate in ASF mice on the low-Saat+Ade diet and colonized 

with E. coli strains. (E) Serum creatinine (Cre) levels in ASF mice colonized with E. coli strains and on 
low-Saat+Ade diets. (F and G) Representative H&E staining (F) and representative trichrome staining (F) of 
kidneys from mice in (E). (H) Histology-based renal injury scores. Data in (A), (B), (C), (D), (E), and (H) represent 
three independent experiments. Symbols represent individual mice. Bars represent means + SEM. *P < 0.05; 

**P < 0.01. Data were analyzed with the Mann-Whitney test (A to D) or two-way ANOVA with Tukey's post hoc test 
[(E) and (H)]. Scale bar, 1 mm [40x magnifications in (F)] or 200 um [200x magnification in (F) and (G)]. 
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LC-MS/MS analysis of bacterial cultures. We 
found that supplementing LB broth with cys- 
teine or NaHS reduced indole concentra- 
tions in the supernatants (Fig. 3, C and D). Also, 
supporting sulfide’s role in TnaA inhibition, 
AdecR E. coli had higher indole levels than WT 
FE. coli when grown in LB supplemented with 
cysteine (fig. S6A), and TnaA expression was 
similar under these conditions (fig. S6B). To 
show that indole production was dependent 
on TnaA, we ablated TnaA activity by using an 
isogenic tnaA739::kan mutant (tnaA mut) and 
did not detect indole in the culture super- 
natant (fig. S6C). To test that S-sulfhydration 
inhibits TnaA activity in a direct manner, we 
used a reductionist approach using purified 
FE. coli TnaA. We observed that incubation with 
disodium tetrasulfide (Na,S,), a polysulfide 
donor, led to TnaA S-sulfhydration (fig. S6D) 
and reduced enzymatic activity by 60% in 
vitro (Fig. 3E). As an assay control, we added 
DTT, which should reduce S-sulfhydrated TnaA 
to its functional native form, and we observed 
TnaA activity more than tripled (Fig. 3E). To 
provide a more physiological context for TnaA 
inhibition by cysteine-derived sulfide, we mea- 
sured the activity of TnaA purified from WT and 
AdecR E. coli cultures grown with cysteine and 
found that TnaA*““* had higher activity (fig. 
S6E). Collectively, these results support that S- 
sulfhydration of FE. coli TnaA reduces its activity 
as measured by indole production from trypto- 
phan, both in vitro and in bacterial cultures. 
Although we detected TnaA S-sulfhydration 
in vitro for both purified protein and TnaA 
from bacterial cell lysates and demonstrated 
that this modification inhibited its activity, we 
had yet to determine if this posttranslational 
modification occurred within the gut in re- 
sponse to dietary Saa and resulted in measur- 
able physiological consequences for the host. 
To investigate this, we began by providing 
ASF“°" mice with the high- and low-Saa diets. 
Although mice on the diets harbored similar 
levels of E. coli (fig. S7A), we detected higher 
TnaA S-sulfhydration in the cecal contents of 
mice on the high-Saa diet than in those on the 
low-Saa diet (Fig. 4A). None of the eight ASF 
bacterial genomes encode a ina@A gene, and we 
could not detect indoles in the ASF mouse 
cecal contents using LC-MS/MS, implying that 
E. coli is the sole producer of indoles in this 
model (fig. S7B). Taking advantage of that 
distinction, we measured indole in the cecal 
contents of ASF“ °” mice on the two diets. 
We found that mice on the high-Saa diet had 
significantly lower indole levels, demonstrat- 
ing that high dietary Saa not only increased 
TnaA S-sulfhydration but also that this mod- 
ification was sufficient to affect TnaA activity 
in vivo (Fig. 4, B and C). To strengthen the 
links between diet, microbial metabolism, and 
kidney damage, we leveraged the CKD mouse 
model by using the low-Saa+Ade diet, with 


Lobel et al., Science 369, 1518-1524 (2020) 


which we observed the most renal injury, and 
the gnotobiotic ASF mice we used previously 
(Fig. 1). We colonized these mice with either 
WT E. coli (ASF*““) or with one of two isogenic 
mutants, tnaA mut or AdecR (ASF ”" or 
ASFS“*. respectively). Unlike the ASF@°” 
mice, no indoxyl sulfate was detected in the 
serum of ASF”“4 ”“ mice, as there was no 
tryptophanase present within the gut micro- 
biota. As EF. coli AdecR is deficient in producing 
sulfide from cysteine, TnaA remains less S- 
sulfhydrated and more highly active (fig. S6A). 
Consistent with that observation, ASF*““* 
mice showed reduced cecal sulfide (fig. S7C), 
increased cecal indole (fig. S7D), and increased 
serum indoxyl sulfate relative to ASF“ “”“ mice 
(Fig. 4D). Mice colonized with WT E. coli had 
higher serum creatinine levels than mice 
colonized with the tnaA mut strain (Fig. 4E). 
Concomitant with the serum indoxyl sulfate 
levels, mice colonized with the AdecR strain 
had the highest serum creatinine levels (Fig. 
4E). Colonization of the three different FE. coli 
strains was similar (fig. S7E). Histological find- 
ings of more severe tubulointerstitial damage, 
fibrosis, cortical crystal deposition, and more 
extensive parenchymal involvement mirrored 
the trends observed for indoxyl sulfate and 
creatinine for E. coli AdecR versus WT E. coli 
(Fig. 4, F and G). We also examined these 
mice on the high-Saa+Ade diet. Consistent with 
prior observations (Fig. 1), ASF““" mice on this 
diet showed milder phenotypes, although 
ASF“@® mice had slightly increased serum 
creatinine compared with the parental and 
tnaA mut strains (fig. S7, F to K). Collectively, 
these data support that a dietary component 
can generate a posttranslational modifica- 
tion of a gut microbial protein that affects 
extraintestinal host function, and our find- 
ings also furnish mechanistic insight into 
how host-diet-microbiota interactions can 
contribute to disease states such as CKD. 
We found that sulfide derived from bacte- 
rial metabolism of dietary Saa regulates E. coli 
indole production through inhibition of tryp- 
tophanase by S-sulfhydration. Our work shows 
that a dietary component can be metabolized 
by the microbiota to generate a posttransla- 
tional modification of microbial proteins that 
affects host physiology and offers a framework 
for how host-diet-microbiota interactions can 
contribute to or stave off disease states such as 
CKD (fig. S8). Although metatranscriptomics 
have provided a window into functional changes 
within a community, our results show that a 
single modification on one specific protein can 
mediate such effects. Thus, in our mouse CKD 
model a subtle dietary change, which does not 
result in microbial composition changes, reveals 
that production of indoles by E. coli is differ- 
entially affected by levels of sulfide endoge- 
nously produced by gut bacteria. Our work 
indicates that bacterial metabolism not only 
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may have direct effects on host physiology but 
also may influence microbe-microbe interac- 
tions driven by bacterial posttranslational mod- 
ifications mediated by host diet. 

However, our findings need to be inter- 
preted cautiously and their limitations noted. 
Our observations that GF mice exhibit a renal 
failure phenotype in the adenine model, though 
milder than in SPF mice, indicate that host 
factors, as well as redox status (e.g., altered 
glutathione levels) (8), also play a role in di- 
etary Saa modulation of kidney function. 
Indole-independent dietary Saa effects on re- 
nal function are also indicated by the pheno- 
type of ASF mice colonized with the E.coli 
tnaA mut strain; these mice lack indole and 
indoxyl sulfate yet still exhibit a CKD pheno- 
type on the Saa+Ade diet. Thus, the contribu- 
tion of dietary Saa and bacterial TnaA indole 
production to renal failure in human CKD 
warrants further investigation. The 2-fold 
increase in cecal indole culminating in a 10- 
fold serum indoxyl sulfate increase in the mouse 
CKD model is notable. The increase in indoxyl 
sulfate could be driven, in part, by indole- 
independent mechanisms in the adenine CKD 
mouse model that lead to a reduction in its 
excretion and accumulation in the serum. 
Alternatively, the kinetics of indole produc- 
tion in the cecum could be augmented by the 
rate of indole oxidation and accumulation in 
the liver and its release into the serum. 

In summary, diet is a crucial aspect in man- 
aging CKD (26, 27), and we hypothesize that 
administration of TnaA inhibitors, such as 
sulfide donors, may help reduce gut indole 
levels and thus mitigate kidney damage. In 
support of this concept and its broad applica- 
tion, other gut bacteria, especially members of 
the Bacteriodetes phylum, also encode TnaA 
homologs (28), and a high degree of homology 
exists between bacterial TnaA alleles (fig. S9). 
Our study elucidates an interaction between 
diet, microbial metabolism, and kidney func- 
tion that is mediated by posttranslational pro- 
tein regulation. These findings might shed 
light on managing CKD and provide clinical 
approaches to improve human health that 
target the microbiota and the enzymatic ac- 
tivities of its proteome. 
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FOCUS ON CAREERS 


faculty 


COVID-19 presents financial, research, and project challenges that scientists need to overcome. 


Planning beyond the pandemic: 
Faculty career development in the age of COVID-19 


Navigating, sustaining, and advancing your career as a faculty member 
has been a difficult enterprise during the pandemic. While professors are 
learning many lessons about crisis management as it relates to career 
development, including strategic planning, resilience, and innovation in 
the face of adversity, many are using the time to refocus and clarify their 
dedication to science, students, and humanity. 

By Alaina G. Levine 


When the pandemic closed down Rochester Institute of Technology 
(RIT), Kaitlin Stack Whitney, assistant professor of science, technology, 
and society, saw her research programs halted, her students scatter 
to the wind, and her own career in a tenuous situation, given that 
she is pre-tenure. But this insect ecologist snapped into action. With 
the money she had already lined up for her summer support, she 
“unfunded” herself and transferred the funds to pay two students 
who couldn't do the work they were doing before quarantine. “It 
was so immediately clear this is what | should do,” she says. “I paid 
students to do a different project so they could still be doing science, 
even if it’s not the exact science they thought they'd be doing. | have 
a responsibility to check in with everyone on my team and prioritize 
their health and safety above any research goals.” 

There are many factors that determine how faculty have continued 
to press on through the pandemic, including the nature of their 
research, their career level, and whether or not they have tenure, as 
well as their teaching load and even the type of university where they 
work. Timing is also a major element of response, as Anibal J. Valentin 
Acevedo, assistant professor in the Department of Microbiology and 
Immunology at the Universidad Central del Caribe School of Medicine 
in Bayamon, Puerto Rico, attests. The government declared a total 
lockdown on March 15, but only announced it a few days before. His 
research relies on human cells that take time to grow and maintain, 
and with “no idea of where it was going,” he frantically assembled his 
students. “We started gathering all of our data that we could analyze 


day. Some experiments we were working on had to be thrown away 
because we had to stop in the middle.” As a result, he saw his timelines 
for research outputs upended. “We will not be able to reach any of 

our scientific goals for this year, and possibly not next year. So, this 

is a huge impact,” he says. Still, his university has been supportive. 

“In terms of academic activities, they were specific in saying we can 
identify academic activities so [that] the students’ training will not be 
halted,” he shares. And such activities will be considered during his 
progress evaluation and possible future promotion. 

Other scientists have been able to shift quickly to pursue more 
remote work, but what happens if you’re between jobs? In February 
of this year, Ulrike Endesfelder, a biophysicist who was finishing up a 
stint as research group leader at the Max-Planck-Institute for Terrestrial 
Microbiology in Marburg, Germany, was excited. She was boarding up 
her laboratory and preparing to fly across the Atlantic for a new faculty 
role at Carnegie Mellon University (CMU) in Pittsburgh. With an initial 
start date of April 1, she packed everything into container ships, but 
two days after they left, the United States enacted a travel ban. “We 
couldn't fly into the U.S., and all of my team was trapped in Germany 
and our equipment was on the ocean,” she says. Moreover, she could 
not be employed by CMU until she got there, and she had already 
resigned from Max Planck. Fortunately, Endesfelder was able to be 
re-employed by the Institute within a few hours, as were her postdoc 
and Ph.D. students. 

When the Institute partially opened in June, she was able to do 
some basic experiments with equipment owned by former colleagues. 
And she got very creative about sourcing additional apparatus. “| 
approached microscope companies and asked them to put their demo 
microscopes in my lab so | could test them out for them,” she shares. 
The beta tests she offered were a strategic quid pro quo: “They got my 
feedback and | got their system for very affordable rental conditions.” 
But as the pandemic rages on, Endesfelder is still in limbo. “CMU is 
doing the best they can to help me, and the moment | can travel, | will 


from home and freezing all our samples,” he says. “We did this in one join them. They gave me access to my startup funds and = cont.> 
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“\ havea 
responsibility 
to check in 
with everyone 
on my team 
and prioritize 
their health and 
safety above any 
research 
goals.” 


Kaitlin Stack 
Whitney 


are continuing to renovate my lab space while | am not there,” she 
says. In the meantime, she is trying to remain upbeat and serve her 
proteges and her field by planning future investigations. 


From bench to kitchen table (and back again) 

As the pandemic spread and lockdowns were put into effect, 
scientists had to grapple with disturbances in their research, teaching, 
and mentorship plans. Experiments had to cease, sometimes 
permanently. Samples had to be destroyed, as they would not be 
viable for future data collection. Work transitioned from lab benches 
to kitchen counters, as professors contended with rapidly changing 
research and funding timelines, nonaccess to research infrastructure, 
full-time parenting duties, and other matters. 

And yet, researchers have been able to take some steps while 
working from home. Venugopalan Pallayil, deputy head of the 
Acoustic Research Lab in the Tropical Marine Science Institute of 
the National University of Singapore, studies marine acoustics. “As a 
principal investigator, my role is to see that projects are progressing, 
support my staff, write proposals to get funding, and write up papers. 
All of these things | have been doing from home and | don’t need to 
go to the lab,” he says. He has also participated in virtual conferences. 
But his work depends on data from the ocean, often collected and 
analyzed by staff who are confined to small spaces on marine vessels. 
As COVID-19 hit, all studies were sidelined, and his laboratory- and 
field-based work has suffered as a result. “As long as social distancing 
is in place, it will be very difficult to organize those trips,” he says. 

Daniel Abate-Daga, a junior faculty member at Moffitt Cancer 
Center and the University of South Florida, works on cancer 
immunotherapy. Typically, his team’s research involves 70% tissue 
culture with human cells and 30% animal modeling. As of June, his 
group was slowly returning to the laboratory after months of hiatus. 
“As mandated by the institution, my team is working in shifts, to 
maintain social distancing. All meetings are held via Zoom,” he says. 
“We have adapted to these unfavorable circumstances by focusing 
on manuscript and grant writing. Also, we have outsourced as many 
experiments as we've been able to. One of the positive aspects of this 
crisis is that remote work and virtual meeting have been naturalized, 
and that is likely to stay.” 

Part of the overall response to the pandemic is tempering and 
changing expectations. “It is OK that we are not as productive at this 
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time,” says Stack Whitney. “We need to prioritize our loved ones, and 
coming from this perspective of everyone’s care, we will improve our 
science.” 


Protocols revisited 

For scientists whose work involves extensive field assignments, 
multiple challenges arose. Isabelle M. Coté, professor of marine 
ecology at Simon Fraser University in Burnaby, Canada, directs diverse 
studies that range from invasive species in the ocean to impacts from 
multiple stressors in shallow water ecosystems, with one commonality. 
“Almost all work we do is subtidal—sometimes we collect samples and 
do experiments in labs but almost everything is underwater,” she says. 
As both department head and dive safety manager for her university 
(which involves training anyone who uses scuba for their research), she 
was especially keen on crafting a safe environment to continue with 
scientific activities during shutdowns. Her examination of exactly how 
to give guidance to her colleagues birthed a decision tree regarding 
whether fieldwork should be continued. She tweeted it and received 
praise for her creation: The Province of British Columbia, where her 
institution is based, adopted it as part of its own government process. 

Indeed, systems engineering has become second nature to many 
researchers as they work to continue their scientific exploits. Much of 
Stack Whitney’s research, which involves analyzing insect behavior 
along highways and in agricultural fields, is supported by federal 
government contracts, and thus she had to ensure that the contract 
obligations were being met. First, she turned to her networks and 
spoke with other ecologists about how they were safely pursuing 
fieldwork. She also utilized Cdté’s decision tree. And then she wrote 
protocol after protocol, creating written processes for every aspect 
of the research endeavor, from how to travel to the field site, to how 
to assess the safety of a data collection action, to who to call in an 
emergency. “It’s not a bad thing to have a written document for 
the protocols,” she says. “Some students really like it, and from an 
accessibility standpoint, it is always great to have multiple modalities 
for the protocols. It has also helped me to keep everything organized. 
| love binders and laminated things.” cont.> 
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Next Einstein Initiative 
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Simon Fraser University 
www.sfu.ca 


University of Cambridge 
www.cam.ac.uk 


Universidad Central del Caribe 
School of Medicine 
www.uccaribe.edu/medicine 


Opportunity from adversity 

For faculty who have not secured tenure or are not on a tenure 
track, the pandemic is precarious. Some universities have offered 
to pause tenure clocks or add a year to the tenure and promotion 
process, as is the case at RIT. Stack Whitney is still deciding whether 
she will take advantage of this opportunity. Grants are another area of 
concern, but some agencies are offering lifelines: the Natural Sciences 
and Engineering Research Council of Canada is allowing grant 
extensions of up to 1 year. 

“The life of a scientist is to carry on despite all the challenges that 
life throws at you,” says Stefano Sandrone, a neuroscientist and 
Senior Teaching Fellow at Imperial College London. “I am very keen 
about taking challenges and turning them into opportunities.” His 
work utilizes functional magnetic resonance imaging (fMRI) scans of 
the brain to conduct computational analysis of cognitive aspects in 
neurological and psychiatry conditions. Although the pandemic has 
blunted his chances of getting fresh information, “I am not running 
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out of data. | exploited the moment to write manuscripts on education 
and neuroscience,” he says. 

Andrew J. Whelton, associate professor of civil, environmental, 
and ecological engineering at Purdue University, is using this period 
to make his lab more efficient while reinforcing his protégés’ critical 
leadership and crisis management skills. He has developed a plan 
requiring that every piece of equipment in the laboratory is assigned 
to two students who know how to operate and troubleshoot it. “If 
something happens to me, they need to be able to move forward and 
lessen the blow for themselves,” he says. 

“We are teaching how to be resilient in the face of failure,” says 
Stack Whitney. “We want to show that so much of our work doesn’t 
end in papers and prizes, and by living through this with them, that 
we don't stop, we just adapt. We are going to roll with the punches.” 
Furthermore, she has been able to emphasize to her students the idea 
that people come before projects. “When we have a crisis, we show 
students they are not tools to get me data. They are my collaborators. | 
want to have that ethos even when we are not in a crisis.” 

Creativity has given rise to new solutions. “One thing we have done 
is try to identify parts of our experimental processes that could be 
outsourced to outside companies that do this automatically, such as 
generating reagents,” says Abate-Daga. “We will use this resource in 
the future. | do think good things can come out of this.” 


A Silver Linings Playbook 

For many professors, the pandemic has reaffirmed their focus not 
only on serving society at large, but more immediately, on helping 
their local community of up-and-coming researchers. “Any available 
resource | can free up for my students is the right thing,” says Stack 
Whitney. “This is not the time to compromise how | am going to run 
a lab. This is the time to say that we are going to live according to our 
values and that my students’ health and safety is a priority. And it 
should always be.” 

Community building is something that Youssef Travaly, a senior 
fellow with Brussels-based think tank Friends of Europe and former 
vice president, Sciences, Innovation & Partnerships at the Next Einstein 
Initiative, sees as a global issue. The materials scientist views the 
pandemic as an opportunity to rally African scientists, especially in the 
diaspora (community of African scientists living abroad), toward the 
goal of public health solutions for the continent and beyond. “Our first 
reaction was how can we, African scientists, respond to this challenge 
and come up with solutions,” he says. 

Tolullah Oni, a public health physician, urban epidemiologist, and 
clinical senior research associate at the University of Cambridge, 
recognizes the invaluable opportunity her networks bring. “Through 
this experience, I've really come to understand the true value of 
the communities of like-minded scientists | belong to, such as the 
Global Young Academy and the Next Einstein Forum Community of 
Scientists,” she says. “While these have always been an important 
nourishing space, in the context of the pandemic, they have now 
become a priceless source of advice on coping and research 
adaptation strategies from different parts of the world and a critical 
source of strength, support, ideas, and inspiration.” 

Adds Sandrone: “How lucky we are to be part of this powerful 
scientific community. We miss the daily contact, so the lesson is to 
treasure the time we spend with peers. Now is the time to be a mentor 
even more and to rebuild our scientific communities in the best 
possible way for the students, who represent the next generations of 
scientists.” 


Alaina G. Levine is a science writer, science careers consultant, professional speaker, and author 
of Networking for Nerds (Wiley, 2075). 
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Baylor College of Medicine* Ea 
DEPARTMENT OF MOLECULAR AND HUMAN GENETICS FACULTY POSITIONS 


Among genetics departments at U.S. medical schools, the Department of Molecular and Human Genetics at Baylor College of Medicine (https://www.bem. 
edu/departments/molecular-and-human-genetics/) ranks first in both number of grants and total funding from the National Institutes of Health (NIH). The 
Department of Molecular and Human Genetics provides a fully integrated environment for physicians and basic scientists, promoting a cross-species approach 
to functional genetics and a commitment to technology transfer. Activities within the Department include clinical genetics, basic and clinical research, a joint 
venture diagnostic laboratory, long-standing association with an NIH large scale human genome sequencing centers, medical student teaching, an MS Genetic 
Counseling program, a Ph.D. graduate program, and residency/fellowship training in medical genetics. The Department has over $100 million in total research 
funding, 70 primary tenured and tenure-track research faculty members and a total of 140 primary faculty members, who are engaged in a variety of missions 
including basic and translational research, clinical diagnostic services, and prenatal, pediatric, and adult clinical care. Faculty will have an opportunity to interact 
with the vigorous ABMGG residency and clinical laboratory fellowship training programs that include over 40 clinical and diagnostic laboratory faculty and 
over 40 genetic counseling faculty and staff. The training programs attract four to six individuals per year for resident training in categorical Medical Genetics, 
Combined Pediatrics/Medical Genetics, Combined Internal Medicine/Medical Genetics, and Maternal Fetal Medicine/Medical Genetics, as well as three to four 
individuals for ABMGG-approved clinical laboratory fellowship training. The Department is seeking individuals for faculty appointments at rank appropriate for 
achievement and experience. We are currently recruiting for the following positions: 


Physician Scientist Geneticist - The Department is seeking MD or MD/PhD trained individuals who have clearly demonstrated their ability to conduct high- 
impact basic, translational and/or clinical research and compete for scientific funding in the area of medical genetics and model organism genetics. Start-up 
package commensurate for experience will be provided. 

Clinical Geneticist - The Department is seeking MD or MD/PhD trained, ABMGG eligible and/or certified physicians in the area of clinical genetics and medical 
biochemical geneticist. 

Research Geneticist - The Department is seeking PhD trained basic and translational research geneticists (studying any model system), statistical geneticists, 
and computational geneticists who are focused on elucidating the underlying genetic and genomic mechanisms of rare and common diseases. 


Appointments will be at the Assistant, Associate, or Full Professor levels depending on experience. Qualified applicants should email a pdf version of their 
curriculum vitae and cover letter stating the position for which they are applying to the following email address: mhgfacultyrecruits@bem.edu 


Department of Molecular and Human Genetics 
Baylor College of Medicine 
One Baylor College of Medicine, MS225 
Houston, TX 77030 
Equal Opportunity, Affirmative Action and Equal Access Employer 
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DEPARTMENT OF MOLECULAR AND HUMAN GENETICS AND DAN L. DUNCAN COMPREHENSIVE CANCER CENTER 
TENURED/TENURE TRACK FACULTY POSITIONS IN GENETICS/GENOMICS 


The Department of Molecular and Human Genetics and the Dan L. Duncan Comprehensive Cancer Center (DLDCCC) at Baylor College of Medicine are seeking 
the following positions: 


Genome Instability - an individual for faculty appointment at rank appropriate for achievement and experience, working in any organism on problems in 
genomic instability, development of novel genetic/genomic tools or other fundamental genetic topics. 

Successful candidates will have strong basic research programs related to genetic/genomic stability or instability, genome organization, genomics, genome 
engineering including, but not limited to DNA replication, repair, mutation, genome rearrangements, DNA damage response, mechanisms of heritability and 
evolution, studied in any organism from bacteria to human. This individual will join the Mechanisms in Cancer Evolution Program in the DLDCCC. However, 
outstanding individuals in any research area will be considered. Generous start-up support is available, and candidate will be put forward for a CPRIT award. 
Cancer Geneticist - an individual for faculty appointment at rank appropriate for achievement and experience in cancer research. Applicants’ research programs 
may focus on broad ranging topics in cancer genetic research including cancer genomics, mechanisms of cancer therapeutics, cancer model organisms, genome 
instability, epigenetics and gene expression, and others. Applicants with expertise in computational biology, in combination with basic and/or translational cancer 
research, are strongly encouraged to apply. Candidates will join a team of multidisciplinary research investigators studying cancer stem cell biology, genomics, 
epigenetics, and metabolic aberrations in cancer. 


Both appointments will be at the Assistant, Associate, or Full Professor level depending on experience. Among genetics departments at U.S. medical schools, 
the Department of Molecular and Human Genetics at Baylor College of Medicine (https://www.bcem.edu/departments/molecular-and-human-genetics) ranks 
first in both number of grants and total funding from the National Institutes of Health (NIH). The Dan L Duncan Comprehensive Cancer Center (DLDCCC) 
includes over 270 research members in seven different programs who bring in $180M in total cancer relevant funding including nearly $90M from NIH. 
Curriculum vitae, a brief summary of research plans, along with the names, addresses, and phone numbers of at least three references to the following email 
address: mhgfacultyrecruits@bem.edu. 


Department of Molecular and Human Genetics 
Baylor College of Medicine 
One Baylor Plaza, MS225 
Houston, TX 77030 
Equal Opportunity, Affirmative Action and Equal Access Employer 


Celebrating 75 years of breakthroughs 


Join our faculty and help set the 
pace of biomedical science. 


Cancer Biology & Genetics 

Chair: Scott Lowe, PhD * Stem Cell Biology 

Cell Biology * Developmental Oncology 
Chair: Kristian Helin, PhD 


Chemical Biology 
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ir: Derek Tan, PhD 


Computational & Systems Biology 
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Developmental Biology 
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ir: Anna-Katerina Hadjantonakis, PhD 
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Memorial Sloan Kettering 
Cancer Center 
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* Regenerative Medicine 

« Machine Learning 

¢ 3D Single-Cell Analytics 

* Biophysics & Imaging 

* Organelle Biology 

« Chromatin & Gene Regulation 

* Genome Integrity and Functional Genomics 

* Chemistry & Chemical Biology 

¢ Metastasis & Tumor Microenvironment 

¢ Immunity, Host-Microbial Interactions and Microbiomes 
¢ Tumor Immunobiology 

* Experimental Therapeutics, Imaging and Bioengineering 


* 100 research laboratories housed in 
state-of-the-art buildings 

* 26 Core facilities offering cutting-edge scientific services 

¢ More than 900 pre- and postdoctoral trainees 

« Appointments in the Gerstner Sloan Kettering 
Graduate School of Biomedical Sciences and the 
Weill Cornell Graduate School of Medical Sciences 


Visit www.ski.edu to learn more. 


MSK is an equal opportunity and affirmative action employer committed to 
diversity and inclusion in all aspects of recruiting and employment. All qualified 
individuals are encouraged to apply and will receive consideration without 
regard to race, color, gender, gender identity or expression, sexual orientation, 
national origin, age, religion, creed, disability, veteran status or any other factor 
which cannot lawfully be used as a basis for an employment decision. 
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FACULTY POSITIONS 


UTSouthwestern 


Medical Center 


FACULTY POSITION 
BACTERIAL PATHOGENESIS. 


The Department of Microbiology at UT Southwestern Medical Center is 
seeking a new faculty member in bacterial pathogenesis at the Assistant 
Professor (tenure track) level. Appointment rank will be commensurate 
with academic accomplishments and experience. The appointee will be 
expected to develop a front-rank, competitive, independent research 
program on a medically relevant bacterial pathogen(s) and/or on concepts 
relevant to the human microbiome. An important academic responsibility 
also will be the instruction and mentoring of graduate students. An 
attractive start-up package, including a competitive salary and generous 
laboratory space in a modern building, is available to conduct 
research within a highly dynamic environment of a leading medical 
microbiology department (https://www.utsouthwestern.edu/education/ 
medical-school/departments/microbiology). 


Candidates will be considered for our $2M Endowed Scholars (start- 
up) Program  (http://www.utsouthwestern.edu/education/programs/ 
nondegree-programs/other-programs/endowed-scholars/index.html). 


Candidates should have a Ph.D. and/or M.D. degree with at least 3-4 
years of postdoctoral experience and an exceptional publication record. 
Please send a cover letter, C.V., contact information for three letters of 
recommendation, and a brief summary of future research to: Bacterial 
PathogenesisSearchCommittee@utsouthwestern.edu. 


UT Southwestern Medical Center is an Affirmative Action/Equal 
Opportunity Employer. Women, minorities, veterans and individuals 
with disabilities are encouraged to apply. 


UTSouthwestern 
Medical Center 


TENURE-TRACK POSITION 


The Department of Physiology invites outstanding scientists with Ph.D., 
M.D., or equivalent degrees to apply for tenure-track faculty positions at 
the level of Assistant Professor. 


Candidates who bring innovative approaches to the study of any under- 
explored/unexplored questions broadly related to physiology are 
encouraged to apply. The scientific excellence of the candidates is more 
important than the specific area of research. These positions are part of the 
continuing growth of the Department at one of the country’s leading 
academic medical centers. They will be supported by significant laboratory 
space, competitive salaries, state-of-the-art core facilities and exceptional 
start-up packages. The University of Texas Southwestern Medical Center is 
the scientific home to six Nobel Prize laureates and many members of the 
National Academy of Sciences and Institute of Medicine. UT Southwestern 
conducts more than 3,500 research projects annually totaling more than 
$417 million. Additional information about the Department of Physiology 
can be found at http://www.utsouthwestern.edu/education/medical- 
school/departments/physiology/index.html. 


Information regarding careers can be found at: 
https://jobs.utsouthwestern.edu/. 


Applicants should submit a CV, a brief statement of current and proposed 
research, and a summary of your two most significant publications 
describing the importance of the work (100-150 words each). Please 
arrange to have three letters of recommendation sent on his/her behalf. All 
items should be submitted to: http://academicjobsonline.org/ajo/jobs/ 
16617. Completed applications will be reviewed starting November 1, 
2020. You may email questions to ron.doris@utsouthwestern.edu. 


UT Southwestern Medical Center is an Equal Opportunity/Affirmative 
Action Employer. Women, minorities, veterans and individuals 
with disabilities are encouraged to apply. 


UTSouthwestern 


Medical Center 


FACULTY POSITIONS IN DEPARTMENT 
OF MOLECULAR BIOLOGY 


The Department of Molecular Biology and the Hamon Center for 
Regenerative Science and Medicine (CRSM) at the University of Texas 
Southwestern Medical Center invite applications or tenure track faculty 
positions at the level of Assistant Professor. We are seeking creative 
and interactive individuals with strong research programs focused on 
mechanistic aspects of gene regulation and cellular signaling, cell growth 
and differentiation, and stem cell biology, including the use of cellular and 
animal models to study development and disease. Attractive recruitment 
packages, state-of-the-art core facilities, and exceptional laboratory space 
are available. UT Southwestern has a vibrant graduate program and an 
atmosphere of collegiality and collaboration. 


Candidates should apply online at https://jobs.utsouthwestern.edu/ 
(search for Job#482864). Applicants should also submit a curriculum vitae 


containing a summary of past research accomplishments, a statement of 


future objectives, and names of three references via email to: 


MolBioSearch@UTSouthwestern.edu 

Department of Molecular Biology 

Hamon Center for Regenerative Science and Medicine 
University of Texas Southwestern Medical Center 


UT Southwestern Medical Center is an Affirmative Action/Equal 
Opportunity Employer. Women, minorities, veterans and individuals 
with disabilities are encouraged to apply. 
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FOR RECRUITMENT IN SCIENCE, THERE’S ONLY ONE SCIENCE. 


Faculty Recruiting in Gene Regulatio 


The Cecil H. and Ida Green Center for Reproductive Biology Sciences, an endowed basic science research 
center focusing on gene regulation, is recruiting Tenure-track Assistant Professor Positions. We invite appli- 
cations from outstanding candidates studying aspects of signaling, gene regulation, and genome function, 
especially in the areas of chromatin and transcription, epigenetics, nuclear endpoints of cellular signaling 
pathways, nuclear receptors, RNA biology, genome organization, and genome evolution. We are interested 
in a wide variety of model systems and experimental approaches, including biochemistry, molecular biology, 
structural biology, animal models, genetics, genomics, proteomics, bioinformatics, and computational biology. 
The Green Center’s research programs cover diverse areas of biology, including reproduction, development, 
endocrinology, stem cells, cancer, metabolism, inflammation, immunity, and neurobiology. 


Cecil H. and Ida Green Center for 
Reproductive B ey Sciences 


ine @sciencecareers.org 


¢ Focus 2: Genomic, proteomic, bioinformatic, computational, and evolutionary approaches to understand- 
ing gene regulation - Candidates using state-of-the-art methodologies that will connect to broader “omic” 
initiatives in the center. 


The Green Center promotes and supports cutting-edge, integrative, and collaborative basic research, as well as 
strong connections between basic and clinical research. Successful candidates will be housed in a state-of-the- 
art research facility with a generous start-up package and are expected to establish scientifically rigorous and 


externally funded research programs and participate in center and university teaching and training programs. UT t 
Southwestern 


To learn more about the Green Center, visit: https://www.utsouthwestern.edu/education/medical-school/ 


departments/green-center/. Medical Center 


Candidates must have a Ph.D. or M.D. or equivalent in a relevant field of study, postdoctoral or comparable 

experience, and a demonstrated record of research excellence. Applicants should apply online at https://jobs.utsouthwestern.edu/ (search for Job ID 486395) 
and upload a letter of application, curriculum vitae, and a statement of planned research projects as pdf files. Applicants should also arrange for three 
letters of reference to be sent directly to GreenCenter@UTSouthwestern.edu. Collection and review of applications will commence October 1, 2020 and 
will continue during the 2020-2021 academic year until the position is filled, but applicants are encouraged to submit their materials as soon as possible. 


UT Southwestern Medical Center is committed to an educational and working environment that provides equal opportunity to all members of the Uni- 
versity community. In accordance with federal and state law, the University prohibits unlawful discrimination, including harassment, on the basis of: 
race; color; religion; national origin; sex; including sexual harassment; age; disability; genetic information; citizenship status; and protected veteran 
status. In addition, it is UT Southwestern policy to prohibit discrimination on the basis of sexual orientation, gender identity, or gender expression. 


DEPARTMENT OF CARDIOTHORACIC SURGERY 


The Stanford Department of Cardiothoracic Surgery seeks to recruit a scholar with an interest in studying cardiothoracic surgical diseases and their 
therapies. Areas of investigation would include but not be limited to: atherosclerosis, genetics, molecular and cellular biology, metabolism/myocardial 
protection, transplant immunology, hematology/blood-prosthesis surface interface, neuroprotection, biomechanics, engineering, device development, thoracic 
cancer biology, cardiac development, regenerative medicine, translational therapies, and other areas. 
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The ideal candidate will possess PhD, MD/PhD, or other advanced academic degrees, have completed rigorous training, exemplify innovation, and demonstrate 
the potential for a successful track record of publishing. Appropriate resources will be made available to help the applicant develop their research program. The 
applicant will be expected to evolve a funded research effort focused in their area of expertise and to participate in mentorship and teaching activities in the 
Department of Cardiothoracic Surgery. Surgeon-scientists are also encouraged to apply and will have appropriate clinical responsibilities and resources provided. 


Depending upon experience and focus, the applicant will be appointed in the University Tenure Line, the Non-Tenure Research Line, or the Medical Center Line 
at the Assistant, Associate, or Professor rank. The predominant criterion for appointment in the University Tenure Line is a major commitment to scholarship and 
teaching. The predominant criterion for appointment in the Non-Tenure Research Line is evidence of high-level performance as a researcher for whose special 
knowledge a programmatic need exists. The predominant criterion for appointment in the Medical Center Line is a major commitment to demonstrate excellence 
in the overall mix of scholarship, clinical care, and teaching. 


Stanford is an equal employment opportunity and affirmative action employer. All qualified applicants will receive consideration for employment without regard 
to race, color, religion, sex, sexual orientation, gender identity, national origin, disability, veteran status, or any other characteristic protected by law. Stanford is 
committed to increasing the diversity of its faculty. It welcomes nominations of and applications from women and members of minority groups, veterans, and 
individuals with disabilities, as well as others who would bring additional dimensions to the university’s research, teaching and clinical missions. 


Applicants should send their curriculum vitae and a very brief letter outlining their interests electronically to Ms. Corrine Sanchez (corrine.sanchez@stanford. 
edu) or via regular mail to: 


Philip Oyer, MD, PhD 

Search Committee Chair 

c/o Corrine Sanchez 

CVRB, Falk Bldg., Mail Code 5407 
300 Pasteur Drive 

Stanford, CA 94305-5407 
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I I Institute of 
Technology School of Medicine 
"28 Columbia 


Koch Institute for 


Integrative Cancer Research and TENURE-TRACK ASSISTANT PROFESSOR 


online @sciencecareers.org 


Department of Biology 7 Faculty Position The NIH Center for Dietary Supplements and Inflammation (CDSI) at the 
The Koch Institute for Integrative Cancer Research (https://ki.mit.edu), together University of South Carolina (UofSC) invites applications for two tenure- 
with the Department of Biology (https://biology.mit.edu/) at the Massachusetts track ASSISTANT PROFESSOR positions with research expertise in 
Institute of Technology (Cambridge, Massachusetts) invites applications : : : 
for a junior faculty appointment. Appointments are expected to be in the Inflammation. The phase-2 Center of Biomedical Research Excellence 
MIT Department of Biology, but other MIT departments will be considered, (COBRE) will provide NIH research support and mentoring to junior 


if appropriate. Applicants are expected to develop and lead a vibrant, faculty who have not received NIH RO1 or similar grants as a PI, to 
independent research program and to share our commitment to undergraduate : f . . oeeae 
and graduate education by teaching courses and supervising graduate and become successful independent investigators. More information is 


undergraduate research. We are particularly interested in candidates who will available at: https://sc.edu/study/colleges_schools/medicine/centers_ 
help: pramote anid providealversity: and_institutes_new/center_for_dietary_supplements_and_inflamma- 
The Koch Institute is an NCI-designated Cancer Center, featuring a broad tion/index.php 
spectrum of cancer relevant research ranging from basic mechanistics through : 
to applied science. This is an open search with regard to field of study and 
specific research focus, but we particularly encourage applications related to Candidates must have a PhD or equivalent, and at least 3 years of 
basic biological mechanisms as well as computational and machine learning postdoctoral research experience. Competitive salary and startup funds 
approaches to cancer research. The successful candidate will have laboratory i é 
space in the Koch Institute. are available. Please submit CV and a statement of research and teaching 
interests with names of 3 references to Dr. Mitzi Nagarkatti, Chair, 


Applicants should include curriculum vitae, brief summaries of past 
accomplishments, a description of future research plans, and a statement on Department of Pathology, Microbiology, and Immunology, University 


commitment to teaching, mentoring, diversity, and outreach that describes the of South Carolina School of Medicine, Columbia, SC 29208 by 


candidate’s experience in these areas and/or how they envision contributing ‘ ‘ ; ; 
to our ongoing efforts (https://biology.mit.edu/about/diversity/). Letters of applying to: http://uscjobs.sc.edu/postings/85684. The search will start 


recommendation should be sent separately from three individuals able to immediately and will continue until the position is filled. 


ScienceCareers 


evaluate the candidate’s accomplishments and future potential for both 
research and teaching. . . . . ee : . 

: — ; as ; : The University of South Carolina does not discriminate in educational 
To apply, submit application materials to https://academicjobsonline.org/ajo/ . I ; pet He Basis ofr der der 
jobs/16771. Completed applications will be reviewed starting October 1, 2020. or employment opportunities on the basis of race, sex, gender, gender 
Note that there are two other searches to fill faculty positions in the Biology identity, transgender status, age, color, religion, national origin, 
Department (http://biology.mit-edu). Applicants may apply to any or all of disability, sexual orientation, genetics, protected veteran status, 


th hes. 
le Searcnes, pregnancy, childbirth or related medical conditions. 


MIT is an Equal Opportunity/ : 
Affirmative Action employer http://web.mit.edu 


SPECIAL JOB FOCUS: 


Neuroscience 


Issue date: Oct. 2 
Reserve ad space by Sept. 17 
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Ads accepted until Sept. 25 if space allows 


To book your ad, contact: 


advertise@sciencecareers.org i. . ° 

Why choose this job focus for your advertisement? Science 
The Americas : : : 
#1201748 6702 7 Relevant ads lead off the career section with a special Careers 

neuroscience banner. 
Europe & ROW AVAAAS 
ae Teie cl0eoe Expand your exposure by posting your print ad online: SGiENGECAREEROORG 
+813 6459 4174 = Additional marketing driving relevant job seekers 
Greater China, South Korea, to the job board 
Singapore, Thailand ; he we } : 
+26 131 4114 0012 = Science online job postings are now being served 
to thousands of passive job seekers in the Wiley 
Produced by the Science/AAAS Online Library. 


Custom Publishing Office. 


FOR RECRUITMENT IN SCIENCE, THERE’S ONLY ONE SCIENCE. 
rg gre 


OPEN FACULTY POSITION 
INSTITUTE OF MOLECULAR BIOLOGY 
2 ACADEMIA SINICA, TAIWAN, ROC 
ee 

One tenure-track faculty position is open for a highly qualified individual 
to establish an independent research program in all disciplines of 
molecular and cellular biology. Applicants should hold a Ph.D. degree 
or its equivalent, with appropriate postdoctoral research experience. The 
successful recruit will be appointed at the levels of Assistant, Associate, 
or Full Research Fellow (equivalent to academic ranks of Assistant, 
Associate or Full Professor at university), and receive a generous multi- 
year start-up package, followed by annual intramural support. 


The Institute of Molecular Biology at Academia Sinica (http://www.imb. 
sinica.edu.tw/en) provides an active and stimulating research environment. 
It is well supported by both extramural and long-term intramural funding, 
and features several core facilities (imaging, Next Generation Sequencing, 
RNAi, electrophysiology, FACS, biophysics, bioinformatics, transgenic 
core, and animal facility) that provide state-of-the-art resources and key 
technical expertise to the Institute’s research community. Currently two 
Ph.D. programs, with one recruiting international students, are formally 
affiliated with the Institute. English is the official language for seminars 
and lectures at the Institute, and proficiency in Chinese language is not a 
prerequisite for application. 


Applicants should send electronic files of their Curriculum Vitae and a 
description of past research accomplishments and future research plans, 
and should arrange for three letters of recommendation to be sent directly 
to Director Hwai-Jong Cheng c/o Ms. Vivi Chiang (vivi@imb.sinica. 
edu.tw). 


The selection process will start on December 1, 2020 until the positions 
are filled. Further information can be obtained from Ms. Vivi Chiang at 
vivi@imb.sinica.edu.tw 


Yale University 
School of Medicine 


FACULTY POSITION AT THE ASSISTANT 
PROFESSOR LEVEL 


DEPARTMENT OF CELLULAR AND 
MOLECULAR PHYSIOLOGY 


The Department of Cellular and Molecular Physiology is conducting 
a search for new faculty members at the assistant professor level. 


The search seeks candidates whose research connects the properties 
of molecules to the properties of physiological systems. 


Excellent opportunities are available for collaborative research, 
as well as for graduate and medical student teaching. Candidates 
must hold a Ph.D., M.D., or equivalent degree. Applicants should 
include a cover letter, curriculum vitae, a statement that describes 
past research accomplishments and future goals, and should arrange 
to have three letters of reference sent. Applicants should apply at the 
following website: http://apply.interfolio.com/78493 


Application Deadline: November 2, 2020 
Yale University is an Affirmative Action/Equal Opportunity 


Employer and welcomes applications from women, persons with 
disabilities, protected veterans, and members of minority groups. 
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Tenure Track Assistant 
Professor in Chemistry or 


Chemical Engineering 
at the Ecole polytechnique fédérale de Lausanne (EPFL) 


EPFL is a leading university with strong emphasis on basic sciences, 
engineering and life sciences. Research within its Institute of Chem- 
istry & Chemical Engineering (ISIC) includes synthetic and biological 
chemistry, chemical engineering and physical, analytical and theoret- 
ical chemistry. 


ISIC is in particular involved in a national multi-disciplinary effort to pro- 
mote the development of more sustainable processes for energy and 
chemical production via a National Centre of Competence in Research, 
the NCCR catalysis, composed of about 30 research groups at EPFL, 
ETHZ and further Swiss Institutes and Universities: www.nccr-catalysis.ch 


We invite applications for a tenure-track assistant professor position in 
all areas of chemistry and chemical engineering. 


Areas of particular interest are digital chemistry, including but not lim- 
ited to machine learning and automated laboratories, and biotechnol- 
ogy/synthetic biology related to chemical production. 


We seek candidates with a strong commitment to excellence in teach- 
ing at the undergraduate and graduate levels and an outstanding 
research record. As professor of chemistry or chemical engineering, 
the successful candidate is expected to initiate and develop a creative 
research and teaching program at the forefront of the discipline. They 
will participate actively in the NCCR catalysis, as part of a multi-disci- 
plinary effort to develop sustainable chemistry at the national and inter- 
national level. 


Significant start-up resources, research budget (including a fixed 
annual budget for salaries and consumables) and state-of-the-art 
research infrastructure are available. Salaries and benefits are interna- 
tionally competitive. We offer a highly international environment that is 
multi-lingual and multi-cultural. 


Applications including cover letter, curriculum vitae, publications list, 
concise statement of research and teaching interests as well as the 
names and addresses (including email) of at least three references 
should be submitted in PDF format exclusively via the website 


https://facultyrecruiting.epfl.ch/position/23691278 
by November 1*, 2020 


Enquiries regarding the position may be addressed to 

Prof. Nicolai Cramer 

Director of the Institute of Chemistry & Chemical Engineering at EPFL 
Email: nicolai.cramer@epfl.ch 


Enquiries regarding the NCCR catalysis may be addressed to 
Prof. Jerome Waser 

co-Director at EPFL 

Email: jerome.waser@epfl.ch 


For additional information on EPFL and ISIC, please consult: www.epfl. 
ch or www.isic.epfl.ch 


EPFL is an equal opportunity employer and family friendly university. It 
is committed to increasing the diversity of its faculty. It strongly encour- 
ages women to apply. 


sclence Careers 


online @sciencecareers.org 
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WORKING LIFE 


By Dennis Macejak 


1534 


Delivering a difference 


hat would you do if you were not in science?” the principal investigator asked me during a 

postdoc interview in Denver many years ago. I hadn’t really thought about it before. Con- 

struction? I had spent some summers in college as a frame carpenter and gotten pretty good 

at it. A musician? Appealing—I’m not too bad on blues harmonica—but I knew I wasn’t good 

enough to make a living at it. “A mailman,” I blurted out, “so I could walk around all day 

and think about things.” I’m not sure where the idea came from; I had just flown from New 
Orleans—where I completed my Ph.D.—to the Mile High City, so I was probably a bit lightheaded at 
the time. Little did I know then that, after a 30-year career in science, I would in fact end up as a letter 
carrier, making a difference in a way I never would have expected. 


I first became inspired by the idea 
that my work could make a positive, 
practical impact in the world after I 
transitioned from academia to bio- 
tech. I had initially been attracted 
to scientific research by the fun of 
solving problems and discovering 
something new. During my Ph.D. 
and postdoctoral research, that 
meant uncovering the mechanisms 
certain viruses use to replicate in 
cells. But as I started in biotech and 
my work became more applied, I re- 
alized that my research could lead to 
potential treatments for human dis- 
ease. I worked on developing gene 
therapy approaches to treat osteo- 
arthritis and restenosis, antiviral 
drugs against hepatitis B and C, 
and—in a late-career return to 
academia—a less costly vaccine for 
human papillomavirus (HPV). 

Still, none of my projects resulted 
in anything tangible to help people. 
Ialso became accustomed to being bounced around by forces 
that felt outside of my control and to taking career oppor- 
tunities as they came up. My first biotech job ended when 
the company restructured and my position was eliminated. I 
landed a job at another biotech company, but just 1 year in, 
it went bankrupt and I was laid off. Next, I secured a “senior 
postdoc” in academia—which lasted until Congress insti- 
gated sequestration in 2013, the grant that funded my project 
was cut, and I was out of a job again. Eventually, after some 
part-time consulting work with a few small startups, I de- 
cided I needed something more substantial and permanent. 

I felt I still had some good years left, and that I had not 
yet made a difference in society, but I wasn’t able to find an- 
other full-time position in a science-related field. I started 
to ponder that question from my postdoc interview all those 


“I’m trained as a virologist [but] 
itis in my new role that | am 
considered an ‘essential worker: 


years ago. What else could I do be- 
sides science? How could I still 
make a meaningful contribution? 

I decided to completely change 
gears and get a job as a letter car- 
rier for the United States Postal 
Service. Even by my standards of 
adaptability, this last change was 
pretty dramatic—and a little hard 
to get used to. I have a Ph.D. and 
30 years of experience conducting 
scientific research, yet here I am, 
delivering mail. But I try to keep 
an open mind. Although I miss re- 
search, I do enjoy getting to walk 
around and think about things. 
What would my life look like if, 
after my first biotech furlough, 
I had taken that interview for a 
director of biology position in San 
Francisco? Will that HPV vaccine 
99) patent I co-authored ever amount 
to anything? Why is my car making 
that noise? 

Lately I’ve been thinking about the COVID-19 pandemic 
and my career. It’s ironic that although I’m trained as a 
virologist—surely an essential skill these days—it is in my 
new role that I am considered an “essential worker.” I cer- 
tainly hope I’m helping in the fight against COVID-19 by 
delivering election ballots, medicines, and checks (among 
the bills, too, of course). Truth be told, I believe I am mak- 
ing a more direct and positive impact on people’s lives 
now than when I was in science. Finding out that viral 
protein X interacts with cellular protein Y was cool—but 
it doesn’t touch the average person on the street the way 
getting the mail does. 


Dennis Macejak is a United States Postal Service letter carrier in Arvada, 
Colorado. Send your career story to SciCareerEditor@aaas.org. 
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